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ABSTNAAT

The oxidation of elementai sulfir by Thiobacillus thiooxidqns was studieC with

and without inhibitors,Z-rz-heptyl-4-hydroryquinoline 1/-oxide (F{eNû) and N-

ethylmaleimide (l:,lEM), for stoichiometry of substrate. total amount ol oxygen consumed

ai.rd oxidation intermediates. Sulfur-ox idizing enzyme was inhibited by lllEM. The

inhibitìon by I',lEM was time-dependent. Elemenøl sulfur was stoichìomerrically oxidizecl

ro sulfite by T. thiooxídans in the presence of HQNO ar wìde range of pH from 2.5 to

9.0 with equimolar oxygen consumption. At an acidic pl{, sulfur oxidation was inhibited

by accumulating sulfite. The amounr of sulfite accumulared at pH 6.5 was proportional

to the amount of cells. When the cells were oxidizing sulfur in the presence of reduced

glutathione (CSH) 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 th iosulfare.

A sensitive and quantitative analytical method for determinating elemental sulfur

in a biological system was developed. Elemental sulfur was determined atÌer exrraction

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 hl-ethylmaleimide. Kinetic studies of sulfide oxidation were also

investigated.

Oxidation of thiosulfate by T. thiooxidaw grown on sulfur was studied in intact

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



N-ethylrnaleimide (l'lEM) at a pi-{ optimuur of 2.3. Cell,free extracrs also oxidized

thiosullate ar the same pi-{ optìmum. Tetrathionate axidation by T. t}tiooxidans was

completely inhibited by NEM. The pH optimum of the te¡rathionate oxidation was 3.0,

Eoth thiosulfate and tetrathionate were oxidized to sulfite level in th¿ presence of i{Ql,trû.

The cells with or without NEM-treatmeirt showed two K", for thiosulfate while the celÌ

lree system showed only one K.,. The K- for thiosulfate generally increased with

increasing pH. A soluble thiosulfate-ox idizing enzyme system with an oprimum pH

around 2 was extracted from intâct cells at pH 2.5 in the presence ol 1 M ammonium

sult'ate by passage through a French pressure cell. A native cytochrome q which was

reduced by thiosulfate at pH 2.5, and a compound which reduced horse heart cytochrome

ç at a neutral pH but required sulfite at an acidìc pH were also found in this acidic

extracts.
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Thiobacillì are chemûautrûphic microorganrsms v¡hich are capable of oxidizing

reduced inorganic sulfur compounds such as sulfur, sulfide and thiosuìfate ro sulfaie.

Energy derived f¡om dre oxidation of reduced sulfur compounds can be used for

assimilating atmospheric carbon dioxide so as to syirthesize cellular materials,

Thiobacilli are further classified as obligate, facultative and mixotrophic depending upon

the extent of utilization ol organic compounds as a source of nutrition and energy. In

addition, thiobacilli are also simply divided into two different major groups, acidophilic

and neutrophilic thiobacilli, according to their growth pH.

T. thiooridans belongs to the group of acidophilic thiobacilli. This bacterium ìs

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. thiooxidars, the organism is known to be very complex and

sophisticated physiologically and biochemically. In addition, T. thiooxidans isoneof the

well-known slow growing bacteria with low cell yields, with a generation rime ol,about

8 hr and a cell yield of 400 rng/L atìer 7 days (Suzuki ar aL. 1989). Although L

thioaridans 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 tetrathiûnate. Earlier investigations

with intact cells, cell-free extracts or purified individual enzymes have been able to

elucidate only basic outlines of the mechanism of inorganic sulfur compound oxidarion.

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



closely related species, X. ferrooxidans and T. acidophiLus. It is probable that L

ferrooxidans is the principal organisin involved in microbial metal leaching tn ìndusrrial

appÌications. Tìie cell yield of L acidophiLu.s, a lacultative acidophile. is much higher

than 7'. thiooridars. an important factor for enzyme purification. Despite its low cell

yield and slow growth, T. thiooridans is tlie best obligate acidophile model ro study the

metabolis¡n of different reduced inorganic sulfur compounds. The orgar.rism can derive

energy for growth only through the oxidation of these compounds. T. ferrooxidans can

use ferrous ions and T. acidophilus can use organic compounds. lt is known that L

rhiooxidans 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 disserøtion has been an arrempt to dissect ¡he oxtdative

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 oxjdizer, T. thíooxidans, using two different kinds

of rnetabolic inhibitors. They are N-ethylmaleimide (NEM) and 2-n-heptyl-4-

hydroxyquinoline N-oxide (HQNO). NEM is a sulf-trydryl-binding ìnhibitor which

specifically binds to the sulf'hydryl groups of the enzyme protein thus inhibiting the

oxidation of sulfur. Sulfite oxidation is inhibited by I{QNO, an inhibitor of cyr b-c,

complex in the electron transport systern. Finally, a hypothetical model of elemental

sulfur, sulfide, thiosulfate and tetrafhionate oxidation is proposed.
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Winogradsky established the lundament¿l principle of chemolithorroph ic

autotrophy in bacteria when he published repûrrs on sulfur-oxidizing tlacteriâ in 1888.

Chemoautotrophs, by his definition. were organisms capable oî synthesizing all thetr

organic compounds ¡reeded for growth without the aid of sunlight. They could derive

all their energy from the oxidation of reduced or iircompletely oxidized inorganic

compounds. Atmospheric carbon dìoxide 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 tl.ris phenomenon.

Subsequent work by Nathansohn an the Beggiatoa 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 Berjernick was named

Thiobacillus thioparus in accordance with irs most characteristic property of forming a

pellicle of elemental sulfur (thium:sulfur, para:to produce). T. thioparus was rhe rype

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), theír utilízation of atmospheric oxygen as the terminal electron

acceptor, dreir tolerance to pFI, and the variety of their inorganic energy sources. The

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



generally motile. non-sporulâting rod-shâpe bàcteria which inhabited a wide variety of

marine. tieshwaier and terrestriai environmenis. ,4ll were capabie of autotrophic growth

and most of them oxidized elemental sulfur, suifide ,úiosulfate and tetrathionate to

sulfate.

Ðiscoveny amd physiology øf Tkiobacillws tkiooxidans

The first isolation af T. thiaoxidans ìn pure culture and study of its morphology

was carried out by Waksman and Joffe ìn 1922. This bacterium was t'ound 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 dioxjde. Starkey (1925) furrher studied and characterized this

bacterium in more detail. He also developed different growth media which are srill used

today. Or.re of the growth media, Sørkey 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. L

thiooxidans is classified to the group named acìdophilic 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 diffe¡ence between T. ferroaxidans and T. thiooxida,?,r is that the former

one can derive energy from the oxidation of ferrous ion while T. acidophilus is a

facultatíve acidophilic sulfur oxidizer. Morever T. îhioox.idans is unique in its ability to



\¡/ithstand extremel:/ acidic conditions ai â pF{ less rhan 1.û. The bacterium is a small

rod-shapecl cell, Cram-negative. moiiie by means of a single polar flagellum, ncln-spo¡e-

îorming and a strict aerobe. trt lives freely in the soil or in water. The optimum pH

range Tbr growth is froln 2.0 to 3.5 and optimum temperature range for growth is around

28 to 30 "C, ûf all the thiobacilli srudied to date. T. thiooridans has the lowest

reco¡ded D¡'lA G+C content: 52.0-53.0 male% (Karavaiko 19BB). L .ferrooxidans and

T. acidophilus have higher vaìues, 55.0-57.4 and,62.9-63.2 mole% respectively. On the

basis of this, as well as its membrane Iipid compositìon, it has been classified as a class

lll thiobacillus. To date. T. thiooxidans is the only organism to occupy thìs class

(Vishniac 1974).

ûxidation of eleme¡lta[ sulfun, sulfide, thiosulfâte and tet¡:athionate oxidatiore try fl"

thiooxidans

One of the requirements for a bacterial species to be included in the genus

Thiobacillus ìs its ability of obøining energy from the oxidation of elerne¡rtal suifun and

other reduced inorganic sulfur compounds. Although the exact pathway for the oxidation

of reduced sulfur compounds by these organisms remains in doubt and differenr 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 et al.

(1994) where the oxidation sequence (S - S0r'?--= SO*'?-) forms the main pâthway. Most

of the enzymes mentioned in the scheme have been either isolated or identified in L

thiooxidans (Bhella i981; Lizama 1986). A similar sulfur oxidatìon pathway with a



requiremerlt lor Fe3' had been proposed by a group of Japanese researchers (1ugio et aL.

i975). Under airaerobic conditions, T. ferrooxidans mediated sulfur oxidarion with tèrric

ion as the electron acceptor. This ncvei mechanism involved tèrric ion-reducing and

tèrrous ìon-oxidizing components. Two new enzymes, sulfur:ferric ion oxidoreductase

aird sulfite:lerric ion oxidoreductase, had been isolated from iron-grown T. ferrooridans

(Sugio e/ aL. 1988). Both had a pË{ optimum of 6 and were localized in rhe periplasmic

space of the cells.

Elemental sulfur most commonly exists as a circular octet and is cleaved by

nucleophilic agents, which may be a sulflrydryl-conøining organic compound or a

suliïydryl group on the surface of the cell (Suzuki and Silver 1966). This results iu a

bound linear polysulfide of which the terminal sulfur atom can be oxidized by the sulfur-

oxidizing enzyme (Suzuki 1965a and 1965b; Suzuki and Sìlver 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 rhe

initial end product of this oxygenation reaction rhrough being trapped with forrnaldehyde

(Suzuki and Silver 1966; Silver and Lundgren 1968) or by an acrive sulfite-oxidizing

system (Charles and Suzuki 19ó6a and 1966b). Despite the presence of the sulfir and

sulfite-oxidizing systems in T. thiooxidans 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 organjsm is still highly controversial. This

controversy is probably due to the reactive nature of the inorganic sulfur intermediates

which makes dre direct demonstration of a partiâl oxidation reåction difficult.



T. thioaxidans is normaÌly founcl jn sulfur and sulfide deposits, acid waters an<l

springs (Fivovarova and Colovacheva 1985). Earlier studies of s&lf?de oxidatìcn in L

thioaxidans with both iniact cells and crude exiracts led þ rhe hypÕrhesis rhar elemenul

sullir. thiosult'ate and polythìonates were the intermediate products during oxidation of,

sulfide to sulfate (Farker and Prisk 1953; Vishniac and San¡er 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

atolns bound to a membrane lipoprotein fraction. This process is mediated by a copper-

containing protein, cytochromes and ubiquinone and is oxygen-dependent ìn I.

concretivorus, T. thioparus and T. thiooxidaøs (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 elemenøl sulfur and sulfate. Eut, 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 polythiollates as intermediate compounds since tetrathionate was readily detected

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



cataiyzed by the thiosulfaie-oridizìng enzyine wìth ierricyanide and cytochrome ç as

electrûn acceptors (.Aleem i965; i-yric and Suzuki 1970a1 Silver and Lundgren i968:

Trudinger 1961a and 1961b). Fuither oxìdation cf tetrathionate had been posrulated to

involve ¡he scission of the sulfite groups wÍth inrcrmediate tbrmation of trithìonate and

thiosulfare (Roy and Trudinger 1970; Sinha and Walden 196ó). ,4lthough the detec¡ion

of polythionares in tl.ie culture medium seemed to support tiris postulate, it should be

undersrood that pûlythionates could be formed spontaneously lrom reduced sulfur

compounds (Kelly 1982). More recently, researchers in Kuenen's laboratory were abìe

to isolate and purify trithionate hydrolase and thiosulfate dehydrogenase from L

acidophilus (Pronk et al. 19901' Meulenberg et al. 1992 and Meulenberg et 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

merabolic mechanisms are well documented for T. fercooxidans (Silver and Lundgren

1968), I thioparus (Lyric and Suzuki 1970a, 1970b and ß7Ac), T. novellus (Oh and

Suzulri 1977a and 19771:), T. versutus (Lu 1986) and T- acidophilus (Kuenen et al.

1993), little information is yet available on the mechanism of thiosulfate oxidation in I.

thiooxidans. In earlier studies, Tano et al. (1968) found that thiosulfate was oxidized to

tetrathionate and an unknown oxidized sulfur compound by a cell-free particulate

preparation of T. thiooxidanr. Goodnan and Ralph (1980) described a heat output in

m ic¡ocalorimetric studies characterized by three maxima during thiosulfate oxidation by



T. thioaxidans. Due to the fact that thiosulfate wâs exhâusted after the seccnd peak, they

assumed a transieiit accumulation cf polythionate. in spite of the evidence presented

abûve tû support the polythionate pathway. the propôsal still suffers lrom a lack of direct

confirmation tiom experimental evidence and it ìs stilÌ nût clear how this pathway

involving polythionates as intermediates operates for rhe overall oxidation of thiosuifate

to sullàte. in addition, rhe key enzyme ín this poiythionate pathway-

thiosulfate: i'erricyanide oxidoreductase (thiosulfate oxidizing enzyme)-has neither been

demonstrated nor isolated tn T. tÌtiooxidans.

Resting cell suspensions of acidophilic thiobacilli had been shown to oxidize

Éetrathiûnate in T. thiooxidans (London and Riuenberg 1964; Okuzumi 1966), in f,

ferrooxidans (Sinha and Walden 1966; Eccleston and Kelly 1978) and in T. acidophilus

(Ltrazeu et al. 1988; Meulenberg et al. 1993). London and Rirtenberg (1964) had

demonstrated the appearance and utilization of polythionates during thiosulfate oxidation

with dialyzed Norit A+reated extracts of T. thiooxidans, and Okuzumi (1964) reported

that cell-free extracts of T. thiaoxidans catalyzed the formation of trithionate and

pentathionate from tetrathionate. Flowever, 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 L acidophilws 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 pF{ optiirum of the enzyme activiry was 3.0, To date, the mechanism of terrathionare

oxidarion in T. tltiooxidans is stili not very clear. Suzuki e¡ al. (1994) suggested thai

retraihiûnate oxidation invoived both tlre sulfane (-5-) and sulfonic acid (-SOTFI) portions

through the sulfur- and sulfite- oxidizing sysrems iespecrively. The oxidatÌon via thar

paihway can be described by the equation: NarSoOu * 3VzC_1, * HrO -" NarSO4 -1-

3I{rSOq. i.e. each of the ibur sulfur atoms of terathionate is oxidized to sulfate.

tr{owever, no evidence exists to support the stoichìornetric oxìdation of tetrathioilate in

T. thiooxidans.
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Sulf¿¡r oxldaÉio w by Th.ia b øc illws tkia o xí.d ans.
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.4BgTRACT

Tlre oxidation of elemental sulfur by Thiobaciltus thiooxidans was studied wirh

and wìthout inliibitors,2-ø-heptyl-4-hydroxyquinoline l/-oxide (FIel{û) and N_

ethylmaleimide (NEM), for stoichiometry of sutrstrate, iotai amountûf oxygen consumed

and oxidation intermediates. Sulfur-ox idizing enzyme was inhibited by f{EM. The

inhibition by ltlEM was tìme-dependenr. Elemenul sulfur was sroichiometrically oxidized

to sulfite by T. thiaaridans in the presence of FIQNû at wide range of pFi from 2.5 to

9.0 with equimolar oxygen consumption. At an acidic pF{, sulfur oxidation was inhibited

by accumulating sulfite. The amount of sulfite accumulated at pll 6.5 was proportional

to the alnount of cells. when the cells were oxìdizing sulfur in the presence of reduced

glutåthione (GSH) or sulfite, there was thiosulfate formation at a pH near or above

neutrality. celì-free extracts oxidized sulfur in the presence of GSH producìng both

sulfite and thiosulfate.
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tr{TROÐ{JCT{Û¡-I

The first ¡solation sf Thiobacillus tlziaoxidans in pure culture and thr study ûf irs

morphology was carrìed ûut by Waksman and Joffe in 1922. This bacterium was found

io be an obligate cheiloautotroph deriving its energy and reducing power for growth

äom ¡he oxidation of elemental sulfur and synthesizing all the cellular carbon by

assimilation of atmospireric Cû,. The oxidation of sulfur to sulfuric acid by L

thiooxidans wìth sulfite as the key intermediate was proposed by Suzuki (1974) on the

basis of the sulfur-ox id izing and sulfite-oxidizing enzyme systems: S0 + Or * I{.O--"

H,Sû, and HrSO3 + %O, -= F{,SO.. Despite the presence of sulfur- and sulfite-oxid izìng

enzyme systems and intensive investigations inro 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 ìnorganic sulfur intermediates, which makes the direct demonstration of a

partial oxidation reaction difficult. Fortunately quantitâtive sulfur oxidatton to sulfite can

be successfully demonstrated in T. thiooxida¡¡s in the presence of 2-n-heptyl-4-

liydroxyquinoline N-oxide (FIQNO), an inhibitor of sulfìte oxidation; rhat is, rhe rwo

oxidative steps can be uncoupled from each other.

Thìs report presents direct evidence tliat sulfite is the oxidation product of

elemental sulfur oxidation in T. thiooxidans when the further reaction of sulfire is

inhibiæd. Both inøct cells and cell-free extracts of T. thiooxidans are used for this

demonstration.
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MATÐRT,A}-S ANB METffiÐÐg

ûrgæwiswe

T. th¡oar.idans (ATCC 8085) wâs grown on elementai sulfur fcr 5 days at 2B"C

witll L.3% (vol/vol) inoculum in Starkey's mediurn 1, with rhe foliowing compositron

(per litre): 0.3 g (NF{o),Sû., 3.5 g KHrPOo, 0.5 g MgSO..7HrO, 0.25 g CaCt. and 18 mg

FeSûr.7Fi,û per liter and adjusted to pfl2.3 with sulfuríc acid. ûneliterof medium was

placed in a 2. B-I- Fernbach flask and after autoclaving aird inoculation, 50 g of powdered

sullur (BDH, precipitated sulfur) was spread evenly on the surface. The flask was

incubated without shaking. ,A.fter 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 H2SO. ) at a concentration of 20 mg wet cells per mL.

Freparatian of Sulfur Suspension

The colloidal sulfur suspension used as substrate for the sultir-cxidizing enzyrne

was prepared as t-ollows: 32 g of precipitated sulfur (BDH; low in iron) was suspended

in 100 mL of distilled waær containing 0.05% Tween-80. After vìgorous stìrring for 2

hours, the sulfur suspension was stored at 4oC.

Frepøra.tion af CelÍ-Free Ex.tr@cís

Flarvested cells of L thiooxidans were washed once with 0.5 M Tris-ËiCl buffer

þfi 7.8), suspended at a cell concentration of 20 mglmL in the same buffer and stir¡ed

19



overnight at 4'C. The cell suspenslôn was ceútrifuged for 2û min ar i2,0ûû x g, and the

pellet reconstituceð as a \5% (W/V) suspension in û.5 l¡4 Tris-HCl buffer (pI{ 7.8). This

cell suspension was passed three times through a French pressure cell at iiû MFa and

tÌren centrifuged for 20 min at 48,0ût x g tô remove the bulk of ceÌl debris. The

supernatant was termed as crude "cell-free extracts ". The fraction of the cell-free

extracts was centritìged for 1% hours at 105,000 x g. ,After u ltracentrifugation of the

cell-free extracts, a brownish supernatant was obtained. Selective protein precipitation

using ammonium sulfate was carried out as described by Schleif and Wensink (1981).

A.tier arnmonium sulfate precipiution and centrifugation, the pellet was resuspended ìn

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.

S ulfit e Ð eî e rrnircatia n

Sulfite formed was determined by using the pararosaniline method according to

West and Gaeke (1956) after remûval of cells and sulfur by centrifugation.

Tki a s w lf at e Ð ete rwziø atia rø

The reaction was stopped by the addition of 0.i mL of 1 M cadium acetate.

Afier centrifugation to remove sulfur, protein and glutathione (GSH), the supernatanr was

used for the colorimetric determination of thiosulfate by the method as described by

Sorbo (1957). To 1 .2 mL sample containing 0.01 to 1.0 ¡rmol of thiosulfate, the

following reagents were added inthis order:2.0mLaf 0.2 N Ì{H.'OH. 1.2 mL of water,
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0.5 mL of 0.1 M KCN, 0.3 ml- of 0.1 h4 CuClr, and û.5 mL of tèrric iiirrate reagenr

(2û% Fe(Ì.{û,), in 3l{ F{NO,). After i5 min of incubation- the ûptical density was

measured in a KIert-Summersion colorimeter with a No. 42 blue lilter. ,4 blank reading

was obtained by addìng to KCN, CuCl, followed by ferrìc nitrate reagent and the sample

containing I'{H1OH. The values were read from a st¿ndard curve obtained by using

known amounts of th iosulfate.

Assøy far Swlfwr &xídøtion

Intact Cells

Sulfur 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, va¡ious

amounts of wet cells and 30 mg S0. When the stoichiometry of sulfur oxidation was

studied, powdered sulfur was dissolved in d imethylsulfoxide (DMSû) and microliter

volumes were injected to srarr the reaction (Fig. 1).

Cel!-Free Ertrects

The reaction mixture was the same as described in ìntact cells except that 6 /-¿mol

GSH was present and the pH was 6.5. The reaction was started by the addition of CSH

(0.1 M solution) to 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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PF} { ein ñ ete rrní¡estig ¡t

Frûtein contents of âll the fractions were determined by the colorimetric method

of Lûwry et al. (1951j. Crystaliine bovine serum ail¡umin was used as the reference

protein-

Centrifwgatians

Low speed centrifugations were performed in a Sorvall superspeed RC-28

refrigerated centrifuge at 4 "c. The ultracentrifugatíon of cell-free extracts was carried

out in a Beckman L3-50 refrigerated ultracentrifuge (40C) using a 60 Ti rotor at 105,000

x g far 2 hours to yield the supernatant and pellet fractions.
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R.ÐSLIÍ-Tg

lntatt Cetfs

ÐffecÉ of pËã

T. thiooridans oxidized powdered sulfur ar a wide range of pl-i values as shown

in Table 1 and F{QI{O inhibired the oxidariôn môre srrongly at lÕwer pF{'s. There was

no sulfite accumulation in the absence of HQNû, but in its presence sulfite accumulated

in equimolar quantities to the amount of û, consumed. When the amount of sultìr as

substrate was limited, the molar ratio of sulfur added : O, used : sulfite formed was

1: l: I , agreeing with rhe equarion : S0 + O, + H,O -* H,SO, at pH 7.0 in the presence

of HQNO (F-ig. 1). At pH 2.3, the oxidation was incomplete and the Or colrsumprion

rate decreased progressively due to the inhibition by accumulated sulfite (Fig. l).

Therefore at this pH, the amount of sulfite recovery was lower. In the absence of

HQNO, very little sulfite accumulated and the amount of O" consumed was

approxìmately 1.5 times the anount of sulfur oxidized in moles which is in agreement

wìth the complete oxidation of sulfur to sulfate: S0 + i %O, * Flrû -" HrSOo.

Effect of reduced glutathione

Reduced glutâthione is strictly reguired in sulfur oxidation in cell-free extracts of

7'- thiooidans (Suzuki 1965). Intact cells oxidized elemenral sulfur without GSH (Table

1), nevertheless GSH increased the rate of O, consumption (Table 2). Thiosulfare

accumulated only at pH above 7 in the presence of reduced glutathione during sulfur

oxidation by T. thiooxidans (Table 2). The amount of thiosulfate accumulatjon was
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highei than ¡hat oi'the reacríon mixture without cells. Sulfite determination was

hampered by the intertèrence due tc the chemical reaction between sulfur and GSFI at

higher pH ranges. Therefore the vaiues in Table 2 cannot be considered as sulfite

formed.

EffecÉ of sutfite

Some thiosulfate formation was observed from sulfir and sulfite (S0 f FITSO,-*

FI,SrOr) 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 â¡lnounts of wet celtrs

Sulfur oxidation rate increased Iinearly with increasing concentrations of cells

(Table 4). In the presence of HQNO, the amount of sulfite accumulated during sulfur

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

Cell-Free Systeîîes

Effect of different añ¡o¡nnts of ce[þfree eÃ.trâcts

The rate of sulfur oxidation in the presence of GSF{ increased linearly with

increasing amounts of cell-free extracts (Table 5). Both sulfite and thiosulfate were

ibund in the reaction mixtures and the combined amounts were often close to the âmounts

of O, consumed.
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EËf'ect of ld-eÉhyboateimide (ÞiEM)

The sufur-oxidizing enzyme was inhibited by sulthydryl-binding reagent, S{-

ethylilaleìmide (NÐM). The ìnhibition of this enzyme was rime-dependenr (Table 6).

The formation of thiosullate as well as the consumptiÕn of û, decreased rapidly after 15

minutes of preincubation. The ìnhibition was nearly complete after ó0 rninures of

preincubation.
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ÐrscLrssrûN

Thiabacillus thiooxidans oxidized elemeirtal sulfur equally well eirher at an aci¿lic

pH, which was required for growth. or at a neutral ¡tt{, at which no grûvvth was possible

(Table 1). Various researchers reported 2-n-heptyl-4-hydroxyquinoline ly'-oxide (HeNû)

or antimycin ,4 to be a strong inhibitor of sulfite oxidation in cell-tiee systems of

thiobacilli (Adams e¡ al. l97I; Kodama et aL. l97A: Takakuwa 1976 and Tano et a.L.

1982). The oxidation of elemental sulfur by T. thiooridans was inhibìted by HeNO

more strongly under acidic conditions (Table 1 and Fig. 1). Since sulfite was inhibitory

to sulfir oxidation only at an acidìc pFI (Table 3), rhe inhibition of sulfur oxidation by

HQNO was thought to be at the level of sulfite oxidation. The oxidation of sulfur jn ¡he

presence of HQNO 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 I agreed with this interpretation.

Although no thiosulfate accumulated during the oxidation of sulfur alone by I.

thiooxidans in Table 1, tliese ceils accu¡nulated thiosulfate when sulfur was oxidized in

the presence of GSI{ (Table 2) or sulfite (Table 3) at a pH near or above neutrality.

Since the rate of thiosulfate formatíon was fæter than the chemical rate (Table 2), the

cells must have catalyzed the condensation reaction: S0 + HrSû3-* H2S,,O3. fmai et al.

(1962) reported such a reaction with T. 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. thiooxidans oxidized powdered sulfur in tlte presence
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of reduced glutatliione and the rare of oxìdation increased linearly with increasing

aûÌounts of cell-free extrâcts (Table 5). The results support the interpretation rhat cell-

free extrac¡s, rn the presence of GSI{, oxidized sulfur to sulfite and also formed

¿hiosuifate l'rom sultir and sulfite. F{EM inhibits the oxidation of sulfur by L

thiooxidans (Kodama and h4ori 1968). ûur experiments confirmed their results (Table

6). A sulfur-oxidizing enzyme af DesuLfurolabus ambivalens, a thermophilic

archaebacterium, had been found to be inhibited by sultïydryl-binding reagenis (Kletzin

1989). Inhibition of the sulfur-ox idizìng enzyme by NEM (Table 6) suggesrs that the site

of NEM binding may be located on the sulfur-oxidizing enzyme.

The direct demonstration of elemental sulfur oxidation to sulfite in T. tJtiooridans

establishes the central roleof sulfite in inorganic suÌfur metâbolism. The results reported

in this paper support the pathway of sulfur oxidation in Thiobacillus thiooridans as: S -f

O.r + H,O-- HzSO¡ as well as the formation of thiosulfate by a secondary reaction: S

-t- SOrr--- SrSO,r- especially at a pH near or above neutrality.
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?abtre tr. E ffect of pÍ{ and E{QI{û on sulfur oxidaÉloxa k]y T" tieí{}úxid&tsf .

" 1.2 mL reaction mixrures conraining 50 mM potassium phosphate buffer, I mg wet cells, 30
mg sulfur were tbllowed in a Gilson oxygraph af 25 .C for 5 min. When indicated, 10 ¡rg
HQNO was present.

31

pF{

2.5 3.0 4.0 5.0 6.0 6.5 '1 .3 8.0 8.5 9.0

- F{Q¡{O

O, consurned 95 115 113 t 15 úA i30 110 130 90 93
(nmol)

Sulfiteibrmed 0 0 0 0 0 0 0 0 0 O

(nmol)

Thiosulfate0000000000
formed (nmol)

Rate 19.2 23.1 22.5 22.7 24.0 25.1 22.0 26.2 18.0 t9.2
(nmol O,/min)

+ HQ¡{û

O. consumed 13 31 52 63 11 83 14 60 56 49
(nmol)

Sulfite lormed 13 30 65 74 88 80 i0 63 50 38
(nmol)

Thìosullate0000000000
formed (nmol)

RaIe 4.A 1.A n.9 16.0 17.7 19.6 t6.4 14.3 14.0 n.5
(nmol O./min)



?ahåe ?' EffecÉ of på{ o¡r sulf'¿¡¡' oxidaticr¡ lty T. tkiøarwlaæs in Éhe presence *f redwced
gåutat&iiome".

' 1.2 nlL reaction mixtures containing 50 mM potassium phosphate buffer, 1 mg wet cells, 6
¡-rmol reduced glutathione (GSH) and 30 mg sulfur were followed in a Gilson oxygraph at 25 "c
for 5 min.

b GSH reduced chemically with elemental sulfur near and above neutral pH ranges producing
compounds (possibly polysulfides) which reacted with pararosaniline giving false high sulfire
values.

pF{

2.5 3.0 4.0 5.0 6.0 6.5 '7.5 8.û 8.5 9.0

- Wet cefis

O,consumed 8 8 I 8 I I 36 37 45 Sg
(nmol)

suÌfite foundb 0 0 0 0 5 12 22t 295 305 315
(nmol)

Thiosulfate0û00000515 15
forrned (nnol)

Rate 2.4 2.4 2.4 2.4 2.4 3.1 9.75 t2.S 11.5 14.5
(nmol Orlmin)

+ Wet cells

O, consumed 240 239 244 252 255 2'71 257 208 219 208
(nmol)

Sulfite foundb 0 0 0 0 0 40 i,iO 288 Zrc 190
(nmol)

Thiosulfate000001550909090
forned (nrnol)

Rate 55.5 55.5 58.5 58.5 54.0 64.0 5i.A 46.0 50.0 54.0
(nmol O./min)
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Tahle 3' Ðîfect a{ pW on suÄf¡¡¡' o¡ddaÈion by '[. tkiaoxiÅætøs ira Éhe presence of s¡¡!fite""

' 1.2 mL reaction mixtures containing 50 mM potassium phosphate buffer, I mg wet ceils, 0.3
¡;mol SOr'? and 30 mg sulfur were followed in a Cilson Oxygraph at21.C for 5 min.

pFi

2.5 3.0 4.û 5.0 6.t 6.5 1.5 8.0 8.5 9 0

- *-t *-
O. consumed 4 4 4 4 4 4 4 4 4 4

(nmol)

Sulfite found 295 2'7A 290 29A 2$ 2'75 213 245 225 210
(nmol)

Thiosulfate0000000000
formed (nmol)

Rate 0.7 0.7 0.'7 0.'7 0.1 0.'7 A.i 0.i 0.7 0.7
(nmol Orlmin)

* Wet cells

O, consumed 6 B 32 ll4 244 276 118 9B 88 68
(nmol)

Sulfite found 262 260 310 245 245 2i5 225 205 205 195
(nmol)

Thiosulfate00000010385055
formed (nmol)

Rate 1.6 0.7 7.9 30.0 sO.B 50.4 29.A Z4.A 24.A 20.2
(nmoÌ O,/min)



Tahle 4" Ðffect of differemt ãm&wxits øî T. tkiøaxtdsrzs om suifur oxidatåon,"

" 1.2 mL reaction mixtures containing 50 mM potassium phosphate buffer at pH 6.5, diftèrent
âmounts of wet cells, 30 mg sulfur in a Gilson Oxygraph at 25 "C for 5 min. HQNO (10 ¡rg)
was present when indicated.

Amount of wet ceils (mg)

0.0 4.2 a.4 0.6 0.8 1.0

- F{QNA-}

û, consumed (nmol)

Sulfite ibrrned (nrnol)

Rate (nmol û,/min)

+ ï{QNCþ

O, consumed (nmol)

Sulfite formed (nmol)

Rate (nmol O,/min)

0.0

0.0

74

2T

11.2

148 214

7t 2A

31. B 49.5

265 296

2A 2A

58.0 '7A.5

0.0

0.0

0.0

s6 100 146

65 115 180

12.9 22.2 29.6

168 184

2ta 2'75

37.2 39.1



?ahåe 5. Ðffect of &Áf{ereøt an&ûumÉs of ce}}-free e-'¿raeÉs øf T" tisÈøaxidøns o¡¡ s¿¡trf'u¡:

oxidation".

" 1.2 mL reaction mixtures conraining 0. l MsodiumphosphatebufferatpH6.5, amount of cell-
free extracts protein as shown, 6 pmol GSFI, 30 mg sulfur were followed in a Gilson Oxygraph
at 25 "C for 10 min.

b Sulfite formed was calculated by substracting the sulfite value found in the chemical system
fron those found in the presence of cell-free extracts.

Ar"¡roumt of ce[n-free ex"Éracts (mg)

t 4.24 0.48 û.96 1..2 1.44 1.92 2.40

Sulfite iound 50 15 IM 1.44 151 n5 20û 200
(nmol)

Sullite forlTredb A 2s 5i 94 101 t2S 15û 150
(nmol)

Thiosulfate formed 0 û 13 56 94 10ó 113 153
(nnol)

O, consumed B0 50 76 1.22 133 156 2Ai 2'/I
(nmol)

Rate 9 5.8 B.2 14.6 16.2 18.8 24.6 31.6
(nmol O,/rnin)
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Tak¡Ine 6" Eff'ect eË N-etlay[læatreimride on sulf'u¡' oxidaÉio¡a hy tÍee anuæoniun¡ suifate
frectiofi øÊ T" tkiot¡xi¡løns exÉracÉs'.

Preincubaticn time (min)

No þ{EM tS 30 45 60 9û
control

- E07o (l{F{),Sû, ppt.

Thiosulfate forrned 12 12 t0 10 l0 l0
(nmol)

O, consumed 2A 2A 2t 2û 2tj 2A
(nmol)

Rate 2.B 2.8 2.8 2.8 2.B 2.8
(nmol Orlrnin)

+ Eû7o (ldH)rSClu ppt.

Thiosulfate formed 163 45 12 lZ 12 12
(nmol)

O, consumed 200 '75 40 30 30 30
(nmol)

Rate 23.1 '/.6 4.'1 4.1 3.6 3.6
(nmol Orlmin)

" The reaction mixture was the same as that described in Table 5 except rhat the B0%
ammonium sulfate precipitate (50 pL, 0.8 mg protein ) conøining the sulfur-oxidizing enzyme
was preincubated with 0.5 pL of 0.1 M NEM.
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Figure tr. Ðf'fect of Í{QNG ow the û, conseanaptioxr and su{fite
{'onmatior¡ in the s¡¡lf¡¡n oxidatåo¡l Vry T" tkiaoxiÅøns,

T'he 0. conswnption wâs followed in a Gitrso¡l Oxygrapll
at. 25 "C with X.2 rnL neactio¡r fidldurest 50 rnM
potassiunn phosphate buffen (p[I 2.3 on 7.0), 4 rng wet
celtrs, 20 pg F{QNO when indicated. The neactio¡l was
initiated with the addition of 20 p[, ÐMSO soh¡tion (5.1

¡¿g - 160 matona sulfun) as indicated hy an arrow,
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PART TWT

QtlanÉitative ex'traetiûn a¡rd detenr¡ri¡¡atio¡l of ele¡'oer¡ta! sulfun and stoichiomeÉnic

oxidation of sulfide to etrementa¡ sulfur by Tkiobaciltws tkiaaxidans.
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ABST'R..ACT

A serisitive and quailtrtative analytical methcc lûr the det¿rmination ol el¿menai

sulfu¡ in a biologìcal system was developed. Elemental sulfur was deierinined after

extraction with petroleum ether by cyanolysis and ferric thiocyanate color formation i¡r

acetone. The method was successfully applied to show that sulfide was oxidized by

Thiobacillus thiooridans to elemental sulfur nearly stoichiometrically when further

oxidation of elemental sulfur was inhibited by N-ethylmaleimide. Kinetic studies of

sulfide oxidation were also investigated.
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ilqTR.&ÐLIC?TC}N

Sulfide oxidarion ìn acidophilic thiobacilli has received Iittle or no artention

because of experimental problems relating to the high rate of spontaneous oxidarion of

sulfìde in combinatioir wirh irs low solubility ar lûw pFI values (Fronk et al. ß9A).

Ferhaps lbr these reasons, publications on sulfide oxidation by acidophilic thiobacilli are

lew and tàr between. To date, rhe exacr mechanism of sulfide oxidation in acidophilic

thiobacilli has not yet been completely elucidated.

Earlier studies related to sulfide oxidation in Thiobacillus thiooridans wìth both

intact cells and crude extracts led to the hypothesis rhat elemental sultìr, thiosullare and

polythionates were the intermediate products during oxidation ofsulfide to sulfate (Farker

and Prisk i953; Vishniac and Sanrer 1957; London and Rittenberg 1964; Roy and

Trudinger 1970). A sulfide-oxidizing system from T. thiooxidans exrracts was isolated

by Moriarty and Nicholas (1969, 1970 a and b) which was associared with the cell

envelope. The K- of this membrane-bound sulfide-oxidizing system was 2 ¡rM.

Recently, it has been shown that sulfur was formed during oxidation of sulfide by L

ferrooxidans (Hazeu et al. 1988 and Pronk et 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 coppe¡-containing protein, and

the resulting sulfur atoms are polymerized. Polysulfide formed during the first srâge is

oxidized to sulfate. Thus the mechanism of sulfide oxidation in acidophilic thiobacilli

is analogous to that t-or the oxidation of colloidal sulfur (polysulfide) or elemental sulfur
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ûnce sulfide is converted to tlre ûxidatiûn leveÌ of sulfur. This bound suitir polymer may

be subsequently oxidized to sulfate by sulfur-oxidizing enzyme and sulfite oxidase via a

inechanism siinilar to those described (Suzuki 1974; Fivovarova and Golovacheva 1985t

Kuenen s¿ al. f993 and Suzuki et aL. 1994).

In the above proposed pathway of sulfide oxidarion, sulfur is tl.rerefore one of rhe

main presuined intermediates. The precise measurement of elemental sulfur in biclogical

systems is difficult (Roy and Trudinger 1970), and this still hampers rhe complete mass

balance studies of inorganic sulfur met¿bolism (Perry et al. 1993). R.oy and Trudinger

(1970) suggested the possibility of adapring methods deveÌoped tbr non-biological

materials to biological sysrems. We have adapted one such method (Bartlett and Skoog

1954) invoJving ferric thiocyanate color formation, to determine minute quantities of

elemental sulfur after extraction with petroleum ether from aqueous 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 Ì.{-

ethylmaleimide (hlEM). NEM was fbund to inhibit sultir oxidation in T. thiooridans

(Kodama and Mori 1968).

In addition, 2-n-heptyl-4-hyroxyquinoline lr'-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; HrS--" S * H:SO;

-"" Fi:SOo (Suzuki 1974). F{QNO, an inhibitor of elecrrÕn rransfer at a b-rype cytochrome

în T. thiooxidans (Tana et al. 1982) was shown to specificâlly inhibit sulfite oxidation

in T. thiooxidans (Suzuki ar al. 1992).
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Since few kinetic data are available on ihe aerobic biooxidation of sulfide ar

ertremely low pll values in acidophilic thiobacilli, kinetic investigations of sulfide

oxidation at diffe¡ent pF{'s were therefore studied in NEM-treated r. thiotxidans. súch

data are of particular interest in the elìmination of toxic hydrogen sulfide gas in rndustrial

applications (Plas et al. 1992).

43



&4.4T'ÐRIAã-S .,,4.NÐ ft,dE?HÛÐS

úrgarcíswz

T. thiooyidans (ATCC 8085) was grown on elemenral sulfur for 5 days at 2g.C

with 2.5% (vol/vol) inoculurn in starkey's medium 1, wìth the foÌlowing cornposition

(per litre): 0.3 g (NF{o),Sû0, 3.5 g KF{.Pû.,, û.5 g MgSû*.7H,0, 0.25 g CaCl, and i8 mg

Fesor.THr0 per liter and adjusted tapH2.3 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 rhe surface. The flask was

incubated without shaking. After growth, sulfur was removed by filtration rhrough a

whatman No. 1 filter paper under suction and cells were collected by centrifugation at

12,000 x g îor 20 min. cells were washed rwo rimes with, and suspended in, disrilled

water (adjusted to pH 3 with HrSOo ) at a concentrâtion of 20 mg wet cells per mL.

Freparøtian af tt N EM-treated, {elts

A suspension of T. thiooridans (5 mI_) at a concentration of 20 mg wet cells per

mL in warer (adjusted ro pH 3 with H'SO,) was mixed with I mL of 0. 1 M F{EM

solution, stirred fo¡ 15 min at room temperature, and centrifuged at 6000 x g for l0

min. The pellet was resupended in 5 mL of warer (adjusred to pH 3 wirh H]SO.,) and

ternred as " NEM-treated " T. thiooxidans .

Sulfide ûxidatiarc

Sodium sulfide solutions were prepared from water-cleaned crystâls ûf NazS.9HrO



uncer nrirogen atmc,sphere in tightly stoppered bottles. For short-ter¡n exper:iments, û,

consumption was ¡neasured polarographically at 25"c in a Giison ûxygraph with a cla¡k

electrode using 1.2 mL reaction mixture. The reaction mixrure in â total voiume of 1.2

mL contai¡red 1 mg wer (with or without hlEM-treâtment) cells of r. thiootidans in sa

mM pôtassium phosphate (pLl 2.3 or pH ó.5). The reacrion was sured by a

microsyringe injection of sodium sulfide solution (0.2 M or 2 mM). FieNO, when

indicated, was present at 20 ¡L.g in the i.2 mL reaction mixture.

Elernental SuWr Ðetermination

Most of the reagents for the determination of elemental sulfur were prepared

according to Bartlett and Skoog (1954). Acetone solvent was prepared by diluting50 mL

distilled water with acetone ro I L. Sodium cyanide solution (0. 1 g NaCN in 100 mL

acetone solvent) and ferric chloride solution (0.4 g FeClr.6H"O ìn 100 mL acetone

solvent) were prepared following their instructions. A st¿ndard sulfur solution was

prepared either by dissolving 5 mg elemenøl sulfur (BDH, precipitated sulfur) in 10 mL

petroleum ether (petroleum spirit, AnalaR, boiling point range 80-100.C, BDH

chemicals) or by dissolving ó.4 mg elemenr¿l sulfur in l0 mL dimethyl sulfoxide

(DMSO) (Fisher Scienrific Company; cerrified by the.American Chemical Society). The

amount of sulfur is expressed as micromoles per 32 ¡_rg sulfur, althûugh strictly

speaking, the units should be called microatoms, since the sulfur likely exists as SÂ.

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

was extracted with 2 ml- petroleum ether by 15-20 s of vigorous vortex mixing
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(Screnrific Frûducis SB22û deluxe mìxer, maximum speed 60 F{z}) in a 25 -mL Carex

centrìtige tube with a screw cap (Corning 8446). The bottom aqueous layer, which was

turbid due to bacteria, became clear after mixing and inany small bubbles appeared in

the rop petroleurr erher layer. The top Iayer became clear after centrìfugation at 6.000

x g tbr 10 min, and 0.5 mL of the top layer was carefuliy removed tb¡ sulfu¡

determination.

The top-layer sample was mixed with 1.5 mi- 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 reactioll, 0.5 mL of the mixture was withdrawn and mixed with 1 nL of the

ferric chloride solution. The absorbance at 464 nm was measured within 10 min in a

Hewlett Packard 84524 diode array spectrophotometer with a 1-cm light path cuvette

against a blank prepared from i.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

contâining 0.1, 0.7, 0.3 and 0.5 ¡.rmol elemental sulfur in 1.2 mL 50 mM porassium

phosphate buffer (pH 2.3 or pH 6.5). The sulfur came out of solution immediarely upon

addition to the aqueous buffer, producing slight turbidity, which disappeared afrer

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 for¡nula: A : (0.2 + 0.01) x amounr ol sulfur (in
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p.mûl) wiù lresh reagents.

Sulf,ite Ðetemeiwatiøn

Sulfite tbri¡ed was determined by using the pararosanilir.re method according to

West and Gaeke (1956) after removal of cells and sultur by centrifugarion.



R,ESU{,TS

Swêfwr Extrcetiaw øwd Ð e\e y¡r¿inatia ra

The original method of Eartlert and Skoog (1954) was scaled dôwn tû one reùrh

sample volume (0.5 mL) eKcepr that the volume of ferrìc chloride solution was reduced

[o only one fifth as described in Materials and Methods. The sundard curve obtained

with 2.5, 5.0. 7.5 and 10 ¡.rg eiemenuÌ sulfur ìn 0.5 mI- petroleum erher was linear (data

nor shown).

A series of samples conøining 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 vortex and the extracted sulfur in the petroleum ether phase was

analyzed âs described in Materials and Methods. The results shown in Fig. 1 indicate

a lìnear relationship between the amount of sulfui and absorbance values. The

absorbance values were identical to those values in the søndard curve for sulfur obøined

without extraction described above after correctìon for the dilution factor of 4. The

petroleum ether extraction of elenental sulfur from an aqueous phase was considered to

be nearly 100%.

The extraction efficiency of sulfur was also confirmed with 10 pL of the standard

sulfur solution in petroleum ether (5 pg sulfur) in a Corex tube which was evaporated

to dryness with a stream of N, gas. The addition of i.2 mL 50 mM potassium phosphate

buffer (pH 2.3) and petroleum erher extrâction followed. The recovery wâs agâin close

to 100%.
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lnterferences

Possible interference ì:y other inorganic sulfur compounds on tlie elementãl suifur

derermination was studied at pH,7.3 anri 7.0 (Table 1). ,4t either pl-{, the interference

is noi serious considering the instability of sodium sulfide in air (Sr- --' S0) and of

thiosulfate at an acidic pH (SSOrr -- S0 f Sû:r'), and a possible reaction of sulfite and

sulfur at a neutral pFl (Sûrr- + S0 * SSO¡2'). Table 2 shows thai the presence of I mg

wet cells af r. thioaxidans has no effect on the extraction efficiencv of sulfur at 0.1 ro

0.4 ¡-rmol in 1.2 mL.

Hydrophilic sulfur prepared from thiosulfate by acidificatìon according to Roy and

Trudinger (1970) could not be extracted appreciably with petroleum ether (data nor

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

water.

SulfiÅe dlxidation by T. tleiaoxiÅøns

T. thiooxidans oxidize sulfide in three distinct stages of o, consumption at eitlier

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 + 2û, - IJrSq. b,tr-erhylmaleimide (hlEM), which inhibited

sulfur oxidation completely, reduced O, consumption with sulfide at either pH 2.3 or 6.5

to halfa mole per inole of i{ars, 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 l{EM in order ro avoid the Ioss of sulfrde

due to chemicai reaction with FIEM. The tûtâl ()r consumpiiûn with different amounts

oîsulfide as subsrrâre foi oxidation by NEM-rreated r. thiooxidans at different pF{ values

are shown in Table 3. The û. consumption (0.5 mol û. /mol of sulfide) agreed with the

oxidation of sullide to sulfur due to the inhibition of sulfur oxidation (HrS * %O, -* S0

+ Hrû). The optrmum pH of sulfide oxidation with NEM{reated T. thiooxidans is

shown in Fig. 4. The optimum pH of sulfide oxidation was 5.0. The kinetic constånts

(K", and V-"") at different pF{ of sulfide oxidation were obrained from the results in Fig.

5 and are summarized in Table 4. The Kn. values were between 8 and 43 ¡rM over the

range of pH from 2.5 to 7.5. These low values indicate that the sulfide-oxidìzing system

in T. thiooxidans has a hìgh affinity ro sulfide, especially at pH 7.0. This value is

similar to the K"' values reported by Moriarty and l.{icholas (1969\, 2 pM sulfide at pH

7.0.

The stoichiometry of sulfide oxìdation 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 reactio' mixtures with NEM-

t¡eated cells contained approximately one mole of sulfur per mole of sulfide oxidized.

The stoichiometry was confirmed with different amounts of sulfide as subst¡ate for

oxidation by l{EM-treated cells (Table 5). The resulrs agreed with rhe expected

stoichiometry of the oxidation of sulfide to elemental sulfur with consumption of half a

mole of O, per mole of sulfide.
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The effect of I-{QÌ{O on sulfide oxidarion by T. îhiaor.idûns is shown in'fabie 6

and Fig- 3. Sulfite accumulated in rhe reactiûn mixtures. The stoichiometry of û,

cclnsumpriôn is about one and a half mole of oxygen consumed per mole of sulfide when

Ihe oxidatiûn of sulfite is inhibited with FIQNO. The sroichiometry of sulfite

accumulated and sulfide is one mole sulfite per one moie sulfìde.
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ÐrgcusgãûN

'l'he original colorinietric merhûd ûf tsartlett anC Skoog (1954) was developed for

the determination of elemental sulfur in hydrocarbons. Fliermans and Brock (1973)

applied the metl.rod for soil sarnples from whìch sulfur was first ext¡acted with carbon

disulfide. a known solveni for elemental sulfur, for 12 hrs. betbre evaporâtiorl of carbon

disulfide and dissociation ol element¿l sulfur in petroleum ether t'or the determinarion.

Ílazeu et al. (1988) applied a similar method, but used acetone for the overnight

extraction of elemental sulfur from centrifuged cell pellets. The results presented in this

paper show that the petroleum ether extraction of elemental sulfur directly tiom 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 ìn biological or abiological reaction systems. This method is applicable

ìn any aqueous rystem and the procedures are simple and fast. There is no interference

by other ìnorganic sulfur compounds including polythionates. This method was

successfully applied to sliow that sulfide was oxldized by T. thioorida¡?s to elemenrâl

sulfur nearly stoichiometrically when further oxidation of elemental sulfur was inhibited

by N-ethyhnaleimide (Table 5).

Acidophilic thiobacilli are believed to oxidize sulfide to sulfate wirh sulfur and

sulfite as intermediates: 52'- S0--. SO3'?- + gqr (suzuki 1974). T. thiooxidans oxidize

elemental sulfur to sulfite when the oxidation of sulfite is inhibited with 2-n-hepryl-4-

hydroxyquinoline ly'-oxide (Suzuki at al. 1992). trn shorr-term Oxygraph experimenrs,

T. thiooridans in the presence of FIQI{O oxidized sulfide to sulfite. The results show
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ihat sullide is oridizeri to sulfite with one and a half mole of û, consumed per mole of

sullide (Table 6). trn the presence cf F{QNû at ptl 2.3 rhe iniriai rapid phase was

unaffected but the second phase was progressively inhibited with a considerable amounr

al H,,S (43%) being recovered as sulfite. At pl-{ 7.0, I{QhlO did nor inhibit eirher rhe

initial phase or second phase, but only decreased the total û. consumption. As much as

84% of H.S was recovered as sulfite. These results are in general agreement with the

interpretation rhat the in¡tial rapid phase of û, consumption in Fig. 2 corresponds to rhe

oxidation stage: HrS t- t/zC, - S + H?O and the second slightly slower phase to the

oxìdation stage: S + Or + H,O -- LI:SO: and the last slow phase to rhe fìnal phase:

HrSOr + %O, -* H"SO+. HQNO inhibition of the second phase at pH 2.3 is fully

expected from the inhibitory effect of accumulated sulfite on sulfur oxidation (suzuki ¿¡

aL. 1992). These phases are probably overlapping in time, with some sulfur and sulfite

oxidations taking place in the initial phase also.

The optimum pÉl of the sulfide oxidation was 5. The low Kn, values indicate that

this sulfide-oxidizing enzyme system in the cells has a high affinity for the substrare and

tlierefore, lower sulfide concentrations than those used in Fig. 5 are necessary to obtaiii

more âccurate K"' and V*". values at different pH values.

The results in this paper not only establish the stoichiometric oxidation of sulfide

to sulfur in T. thiaaxidans when further oxidation of sulfur is inhibited by lr{EM, but also

a further oxidatron to sulfite (in the presence of HQNO) before its final oxidation ro

sulfate (without inhibitor).
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Ta&rÌe l" 3Ë¡e effect of iraorganic sulfarn cornpou¡¿ds o¡e Éfue ext!"ac€irm æEd
detea"¡¡¡inatåor¡ of eåenaemtan suìfur..

,Absorbance at 464 nm

Coinpour.rd'

s0

l.,larS

NarSO.

NarSrO.

NarS,Oo

Amount
(pmol)

0.20

0.20

0.20

1.00

1.00

0.0û7

0.000

0.008

0.002

0.040

0.044

0.039

0.037

0.044

, 0.046

0.005 a.042

0.003 0.036

0.002 0.043

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 ¡;mol elemental sulphur. Addition of petroleum ether, capping,
and vortexing started immediately after the addition of these compounds to minimize loss
or interaction with sulfur.



I aote l" T'trre effect af baeteriaÅ ae[!s o¡r Éhe etËracfiom and
deÉenminatio¡a of eËeumenÉaå su{fur..

Absorbance at 460 nm
Sulfur"
(pt¡ol) Cells Cells

0.0

0. 1

4.2

0.3

0.5

0.018

0.041

0.060

0.094

0.000

0.020

0.040

0.057

0.099

" Different amounts of sulfur were present in 1.2 mL of 50 mM potassìum
phosphate @H 2.3) with and without 1 mg wet cells. Exrraction of sulfur
was carried out immediately after cell addition to minimize the oxidation.
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Tahle 3. ?!¡e effect of pË{ cm tnie tota¡ ûxygen cônsê$rnpfioul ira s¿¡}fide ox¡daÉior.¡
Yty T" tkiooxiÅanf .

nF{

6.5 7.57.t5.03.5l{a.rS
(¡-rmol)

0. 1

4.2

0.3

0.4

0.036

0.096

0.148

0. 190

0.058

0. 106

0. 136

0.200

0.056

0.104

0. 138

0. t9

t.062 0.064 0.068

0. 110 0. 120 0.122

0. 168 0. 160 aJsZ

t.194 0. 196 0.234

" Assay conditions are described in Materials and Methods. o, used is shown in ¡_rmol.



?able 4" Swnmean'y of [<åneÉËc cûnstânts of sr¡lfide oxidaÉion åry
NER{-treaÉed T. tkì,oaxi^dsns æÉ diflfene¡¡t nH,-

K. (mM) V,,* (nmol O, /min)

2.5

3.5

5.0

6.5

'7.0

7.5

0.043

0.421

0.033

0.013

0.008

0.019

63.90

7l .96

40.08

ú.42

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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TabÂe 5. stoichioøietny of sulfide oxidaÉion by F{EM-treate & T. tieiooxidanf .

pH 2.3 pËt 6.5

So formed û, usedNEM NarS
(¡.¿mol)

So tbrmed
(¡rmol)

ûr used
(¡rmol)(pmol) (¡rmol)

0.190

0.054

0. 112

0.152

0.190

'The co'ditions were the same as in Fig. 2 except that the amount of Na,s was varied
The reaction time was 5 min for NEM+reated cells and 15 min for untreã¡ed cells-

0. 10

0. 10

0.24

0.30

0.40

0.00

0. 10

0.i9

0.29

0.38

0.196

0.056

0.094

0.r42

0. 188

0.00

û.09

a.2t

0.30

0.37
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TaÍ¡{e 6. Ðff'ect oË E{QF{& on suEf"rde oxidaÉåou try T. tßai,oøxidared 
"

pY' 2.3 pF{ 7.0

-HQNO +HQNO -llQNO +HQNû

û, consumed 0. 19û û. 135 t.liû 0.i35
(¡rmol)

Sulfite formed 0.004 0.043 0.030 0.084
(¡¿mol)

Reaction time 5.0 8.0 4.0 4.0
(min)

'Reaction conditions were described in Materials and Methods except that
20 ¡rg HQNO and 0. 1 ¡rmol of NarS were used as subsrrate.

63



F G{JRES



Figune n, The calil¡natio¡a c¿¡¡.ve of sulfur extractio¡1.

A sutrf¡¡r sol¡¡tion i¡r ÐMSO (20 nnM) was ¿¡sed to
prepared standard sulfun samptres i¡r n"Z mtr 50 nûM
potâssium phosphate Lruffen (pF{ 2.3) for petroleuro
eÉher. extrâction, cyanolysis and color developnoent as
descnit¡ed i¡l Materials and Methods. The results wene
identical at pH 6"5.
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Figune 2" Effect of T. tkioaaidans witft¡ and witho¡¡É NtsM-
treâtnnemt on Ëåae O, consemrptioar of sulfîde oxidaúlon.

Tt¡e 0, consumpû¡oxi was followed i¡¡ a Gitrson ûxygnaph
at 25'C witl¡ 1.2 ¡¡.ll- reaetion mix-tures: S0 rnM
pûtassiurri phosphate buffen (pH 2.3 or 6.5), n rmg weÉ
celtrs. TI¡e reactio¡l was initiated with the additio¡r of 0"1
prnol Na,S solution as indicated hy am arnow.
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Figeme 3" Ef'fect of NEM and ffieN0 oxe the û, consumption im
s¡¡nfïde oxidation by T. tkioaxidans.

The O, comsumption was f'oltrowed in a Ginsom Oxygraph
at 25 "C with 1.2 rnn- reaction ørixtr¡res: 5{l ¡nM
potassiurn phosphate buffer (pT{ 2.3 on 7.0), tr mg wet
cells, and 20 pg Ë{QI{O or I prnol NEM was present
when i¡rdicated. The reaction was stat-ted with the
addition of 0"5 pI- of 0"2 M NarS (anaerotric) as
indicated by an annow,
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Figune 4, Effect of pf{ on suÍfide oxidatior¡ bj, NEM-t!.eaÉed F.
tizioaxiÅt¿ws.
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Figune 5. Ðoulrle neciprocat plot of sn_¡nfide oxidaÉion by NEM-
. Én'eated T" thioaxidens"
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PAR.T THREE

Thiosulfate oxidaiio¡e by sulfur-grown Tkiabøeillus tleiaoxídans, celtr-free eå"tn"acts

and tÍriosulfate-oxidizimg enzynrle.
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AESTKÁCT

ûxidarion of thiosulfate by Thiobacilius tÌziaoxidans grown on sulfur was studied

in intact cells and cell-tiee extracts. Thiosulfate was oxidized to tetrathionate by cells

treated with N-eihylmaleimide (þrÊM) at a pF{ ûptimum of 2.3. cell-free extracrs also

oxidized thiosulfate at ihe sâme pF{ optimum. Tetrathionate oxidation lsy T. thiooridans

was coinpletely inhibited by liEM. The pH optimum of the ietrathionate oxidation 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 rwo K," for thiosulfate while

the cell-tiee system showed only one K-. The K- for thiosulfate generaÌly increased

with increasing pF{. A soluble thiosulfate-oxidizing enzyme system with an optimurr 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 g which was

reduced by thiosulfate at pH 2.5, and a compound which reduced horse heart cytochrome

ç at a neutral pH but required sulfite at an acidic pH were also found in these acidic

extfâcls.
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trq{TROÐUCT'Iû¡{

Thiosulfa¡e is cxidized by all species of rhiobacillus. The present knowledge of

the metabclic pathway of thiosulfate in Thiobacillus thiaoxidans is very lirnited because

the oxidative process occurs at an acidic pËI. Below pFi 4, thiosulfate rapidly

decomposes in a complex manner, yieldi.g dìfferent products according ro the åcìdity of

the solution. Decomposition of thiosulfate involves nucleophilic displacement cf sulfite

ions resulting in the formation of sulfur and bisulfite. Therefore, it is difficult rû

deternrine 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 bur not mutually exclusive mechanisms of

thìosultàte oxidation were observed depending on the species af rhiobaciltus. The firsr

of these mechanisms involved the formation of elemental sulfur and sulfate but it was

difficult to obt¿in satisfactory stoichiometry between the disappearance of thiosulfate and

the formation of elemental sulfur and sulfate. The second proposed mechanism invoÌved

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 rhe

preferred model but since then, considerable evidence accumulated in support of the firsr

and third mechanìsms. As more and more studies were done in this area, it became

more evident tliat these pathways might not be necessarily mutually exclusive.
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I-ittle information is yet availabie on the mechanism of thiosulfate oxidation in

acìdcphìiic thiobacilÌi. trn early srudies with rhiobacillus fercooxidans, srnha and

walden (1966) reporred rhâr rhiosulfate in rhe presence of thiol-binding reagenrs was

oxidized to sulfate and trithionate through tetrâthiûnâte as an intermedìate which was

identifierl from chromarographic analysis. Tana et al. (1968) found that thiosulfate was

oxidized to tetrathionate and an unknown oxidized sulfur compound by a cell-free

particulate prepararion on r. thiooxidans. Goodman and Ralph (1990) described a heat

output in mìcrocalorimetric studies characterized by three maxima during thiosulfate

oxidation by T. thiooxidans. Due to rhe fact that thiosulfate was exhausted after the

second maxìmum, they assumed a transient accumulation of polythionates. A thiosulfate-

oxidizing enzyme was purified about 250-fold from sulfur-grown T. ferrooxidans by

Silver and Lundgren (1968). The stoichiometry of the reaction was shown to be

2NarSrO, + 2NarFe(CN)u-* Na,S.Ou + 2Na.,Fe(CN). [Equation 1]

wíth an optimum pFl of 5.0 in acetate buffer, and K. of 9x10a M for thiosulfate.

Recently, thls kind of ferricyanide-dependent thiosulfaterox idizing enzyme was also

purified to homogeneity from cell-free extracts of acidophilic sulfur oxidizer,

ThiabacilLus acidophilus by Meulenberg et at. (1993a). In the presence of ferricyanide,

the optimum pH for the enzyme activity was found to be 3. Recently, Shihari et al.

(1993) proposed that thiosulfare was the alternate suLìstrate for unattached growing r.

ferrooxidans in the medium growing on elemental sulfur. chemotactic respûnse of r.

ferraaxìdans to thiosulfate was also cbserved (Chakraborty eî at. lg92). Thus, the

physiological role of thiosulfare metabolism in acidophilic thiobacilli becomes
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increasìngly rrrore irnportanr.

'1. thioaxidans grows weli on elementar sullur under acidic condirions producìng

sultu¡ic acid. The sulfur-grown cells can oxrdize sulfide to sulfàte with sulfur and sulfite

as possible intermediates (suzuki ¿¡ al. 1994). These intermediares accumulate when

il.reir oxidation is ìnhibited, thus sulfide is oxidized to suliir when the oxidation of sultur

is inhibited by |,tr-ethylmaleimide (hlEM) (chan and suzuki 1993) and sulfur is oxidized

to sulfire when rhe oxidation of sullite is ìnhibited by 2-n'.heptyl-4-hydroxyquinolìne N-

oxide (HQNO) (suzukì er al. 1992). sulfite accumulation is sometimes observed even

in tlre absenceof inhibitors ín T. ferrooxidans during sulfur oxidatìon (sugio er a/. 1987).

The accumulation of sulfite could lead to the formation of thiosulfate in the presence of

sulfur (S0 + SO3L * SrO,'-) (Imai et aL. 1962; Suzuki and Silver 1966) and in facr,

thiosulfate has been detected in the medium of r. ferrooxidars growing on elemenral

sulfur (Shihari et al. 1993).

The above groups of researchers (Sinha and Walden 1966; Silver and Lundgren

1968; Tano et al. 1968; Goodman and RaÌph 1980 and Meulenberg et al. 1993a) |tad

identified tetrathiorìate as an intermediate in the metabolism of thiosulfate by acidophìlic

thiobacilli, and various routes had been suggested for the tetrathionate pathway depending

on the species of acidophilic thiobacilli. The fi¡st one involved the actton of tetrarhionare

hydrolase which catalyzed the stoichiometric conversion of tetrathionate to thiosulfate.

sulfur and two protons and presurnably sulfate in the cell-free extract of r. acidophilus

(Meulenberg et ø1. 1993b). The second one, suggesred by Suzuki et aL. (lgg4), proposed

chat tetrathionâte oxidaiion involved the oxidation ol both sulfane ts-) and sulfonic acid
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(-sûrF{) portions by the enzymes involved in sulfur- and sulfite oxidizing sysrems. so

far, there ìs litrle informatioir on the oxidation of ¡etrarhionate by T. thiooxidans in the

lite¡arure, London and Rittenberg (1964) found that tetrathiÕnare was oxidized

completely to sulfate with an oxygen consumption of 31/z ¡tmale O, per ¡rmole

tetrathionate l:y T. thiooxidanr eKtrâct. Furthermore working with crude exüacts of r.

thiootidans . Okuzumi ( 1966) reported that tetrathionate was first dismutated to rrithionare

and pentatliionate, 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. thiooridan.ç using two different metabolic inhibitors: NEM and HeNo.

characterization of thiosulfate metabolism in T. thiooxidans involved the use of intact

cells, cell-free extracts and a soluble fraction extracted from the cells at pH 2.5 ln the

presence of 1 M ammonium sulfate by passage through a French pressure cell according

to tlìe unusual acid treatment protocol of Meulenberg et at. (1992). since tetrathionate

can possibly be.formed from thiosulfate either by autooxidation or via chemical reactions

with intracellular iôns, autooxidation of thiosulfate and chemical reaction of thiosulfate

wilh ferric ions are undertaken for comparatives studies.
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MÀT'ERTAË-S ANE ft,{E TÍ{C}Ì}g

ûrgøeeiswes awd {}¡,owtk Canditians

Tt-X tT. tkioaxi.darzs, ATCC E&SS), SM4-mC-S. (T. ferroøxidttws, a ruine åsolate,

X,izawa aød Sn¡zulci X98E) aad ?f-?-So (T. f,ewøaxißaæs, .åTCC ng85g)

The organisms were grown on element¿l sulfur lor 5 days at 2g.C with 25%

(vol/vol) inoculum in Starkey's mediurn 1: û.3 g (NFI.).SO r, 3.5 g KHrpO., 0.5 g

MgSO.*.7H'O, 0.25 g CaC). and 18 mg FeSûr.7F{,û per litre and adjusted to pF{ 2.3

with suÌfuric 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, precìpiøted sulfur)

were spread evenly on rhe surface. The flask was incubated without shaking. After

growth, sulfur was removed by filtration through a wharman 1 filter paper under suction

and cells were collected by centrilugation at 12,000 x g for 20 min. The colors of the

pellet of Tt- 1 , SM4-HEC-S' and Tf-2-S0 were milky-white, grayish-white and yellow

respectivity. cells were washed two times with and then suspended in distilled water

(ptr{ 3 with H?SO4) at a concentration of 20 mg wet cells per mL.

Tl¿iobacillus tkioperus @A,f S 505)

The culture of T. thioparus (DMS 505) was grown on Starkey,s medium 2. The

medium composition was: 10 g NarSrO..5HrO, 4.0 g K?F{poo, 4.0 g KHrpO,, 0.3 g

(NH4)?SQ, 0.014 g CaCl,, 0.05 g MgSOo, 0.014 g MnSOr.Hí), A.ûZ g FeCt..6F{,C}, in

I litre distilled water. A solution ol l*{arSrûr.5FI,û (10.û g) was auroclaved separately

and added aseptically just prior to inoculation. The maintenance of the stock culture. úe
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harvesting of cells and ihÕ remûval of eiemenral suliur were as described previously by

x-yric and suzuki (1970). The color of the cell peller was pink. cells were washed two

tiines with and suspended in distjlled water withour pf-{ adjustmenr at a conceniraiion of

20 rrg wei ceils per mL.

Preptr,ra.t¿an úf NÐM-treúted Tt-tr , çM&-ËIEC-ç" Tf-z-s, and T. tlziaparus cells

Five rnilliliters ôfeâch thiobacillus cell type, at a concentration of 20 mg wet cells

per mL in distilled water, were mixed with 1 mL of 0. 1M NEM solution, stirred fbr 15

min at room temperature and centrifuged at 6,000 x g for l0 min. The pellets of the

cells were resuspended in 5 mL of distilled wâter (pH 3 with Hrsoo) except rhat of z

thioparus which was resuspended ìn distilled water with no pH a justment. These cells

were termed as "NEM-treated" thiobacillus cells.

Frepøratian af tke Actdic Extracts af T. tkiaaxidans

The procedure described for trithionate hydrorase isoration (Meulenrrerg et aÌ.

1992) was followed. Harvested cells of r. thiooxidans were washed and resuspended in

a buffer containing 25 mM potassium phosphate and 1.0 M ammonium sulfate at pFI 2.5

at â concentration of 600 mg wet cells/ml-. The cell suspension was passed three times

through a French pressure cell at 110 MFa and centrifuged for 20 min at 4g,000 x g ro

remove the bulk of cell debris. The supeÍnatanr was further centrifuged for 120 min at

131'ûûû x g. ?he resulting reddish-brown supernaralìt 
'o/as 

termed "acidic extracts ".
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Preparation af {e[è-Free Ex.trßcts o3' T. tkiaosidaøs

F{arvested cells of r. thiooxidans were washed once with 0.5 M Tris-HCI buffer

(pil 7.8), suspended at a cell concentration of 20 mg/rnl in the same buffer aird stirred

overnigl.rt at 4"c. This eliminated the necessity of the treatment of the cells r¡¡ith ion-

exchange resins as was done by suzuki (1965) to facilirate rupture ôf r. thiooxidans.

The ceJl suspension was centrifuged for 20 min at 12,000 x g, and the pellet reconsritured

as a 15% (W/V) suspension in 0.5 M Tris-F{Cl buffer (pH 7.8). This cell suspension

was passed three times through a French pressure cell at 11û MFa and then centrifuged

tbr 20 min at 48,000 x g to remove the bulk of cell debris. The supernatant was

dialyzed' against distilled water to remove the butTer 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 (19g1). After

ammonium sulfate precipitation and centrifugation, the pellet was resuspended in 0.1 M

pF{ 6.5 sodiurn phosphate buffer. The suspended sample was dialyzeð, against the same

phosphate buffer at 40C overnight in order to remove the ammonium sulfate.

Calorin¿etric Ðeterminøtion af Fatytkianøte

Cold cyanolysis

Tetrathionate was determined colorimetricaliy after cyanolysis by the method ol

Sörbo (1958). To 1.2 ml- reacrion mixrure, 2 ml, of 0.2 N NH4OH and 0.5 mL of 0.1
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M KCN were added. hfter 3û min incubation for coid cyanolysis at room temperâture,

the mixture was centrifuged to remove cells. To ihe supernatant, 0.5 mL of ferric nitrate

reagent [IA% Fe(lr{Or),.9É{,û in i3 % FIhlO,] was added rû rhe final reacrion mixrure.

,A.fter an equilibriuni time ot- i5 min, the ìntensity of color was determined at 460 nm

against a control cuvette containing ail the reaction componenls except for the substrate

and cells and then conpared to a standard curve prepared with different known amounts

of thiocyanate.

E{ot cyanaolysis

Tl.re procedure was described by Wood (1982). A reaction mixture (1 mL) was

added to the solution conraining 2.0 mL of 0.2 N NH4OH and 0.7 mL of 0.1 M KCN

and heated in a boiling water bath for 30 min. Aiter cooling and centrifugation, 0.5 mL

of ferric nitrate reagent 0% Fe{No,), in 13% HNorl was added for color development.

The absorbance was determined at 460 nm against an unheated blank containing all the

reaction components except the substrate and cells and then compared to a standard curve

prepared with different known amounts of thiocyanate.

,Assay af Thioswlfate @nd Tetratitiûnûte úrídatian Activig

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 B

mg protein (cell-free extracts), 5û mM potassium phosphate buffer of various pF{ values

and va¡ious amounts of thiosulfate (1 ¡-rmol for the standard assay). The oxidation rate
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wâs expressed as nmoi Û: cûnsumed pÈr mìn. Tetrathionate oxldation was tbllowed in

ihe same manner ¿xcepr that thiosulla¡e was replaced with the amount of Étrathionatr

indicared.

Assajt af Tltio swlføte : Ferrieyanide ûxidaredwctase Activiøy

Thiosulfate:ferricyanide oxidoreductase was assayed by the reduction ol

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 ¡rmol potassium ferricyanide, 5 pmol sodium thiosulfate and

various amounts of acidic extract. with a ståndard 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 9452A diode array

spectrophotometer with a 1-cm ligh path cuvette. The initial linear rate of aA.,o* per

min was used as activity. The reduction of native cyr.ochrome ç was followed either at

416 nm or 550 nm.

Swlfite Ðete rminøtion

,4 1.2 mL sample of the reaction mixrure was withdrawn and centrifuged at 6,000

x g for 10 min, and the concentration of sulfite in the supernatant solution rhus obtained

was determined spectrûphûtometiically by the pararosaniline method (wesr and caeke

1956). A solution of 0.1 M Na,,SO, was prepared in 50 mM disodium EDTA.
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Prateìrc Ðete rrøírea{io rc

Froiein was dererinìned routinely as described y'y r,etle (1957), following the

absorptions at 280 .m and 26û nm, but the results were periodically confirmed wirh rhe

method of Eradf'ord ( 1976).

,Assay af tlte Ckewticat Reactiare of Tkiosutfate witk Fewic [arc

chemical oxidation of throsulfare with and withour ferric ion was studied at

various concentrations of thìosulfate and ferric ion at pH l.B, 2.3 and 3.0 in 0.1 M É

alanine-H'so. buffer in a total volume ol 2 mL. The fixed concentration of reacrant was

1 mM for either thiosulfate or ferric ion when the other reacLant concentration was

varied. samples were taken for tetrathionate (cold cyanolysis) or ferrous ion

determination.

Ferraus tron Ðetermination

Ferrous ions were determined colorimetricaliy by a rnodification oi'the o-

phenanthroline method (suzuki etal. ß9a). 1 mL of 0. 1 M o-phenanthroline was added

to 0.2 rnl- 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.

Ceøtrífwgatiøws

Low speed centrifugation was carrieci out using a Sorvall Superspeed RC-28
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retiigerâied centrifuge at 4'c. Fiigh speed centrifugation was carrìed Õut at 4.c using

a Eeckman model I-, type E uitracenËrìfuge using a Tj 60 fixed angie rotor.
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RES{J{-T'g

Tiziasuifate úxidstiør¿ bg T. tfuiaoxídaws

EffecÉ of N-ethyãmaleËn'¡ide (F{EÃ¡{} oar suåf¡¡n oxldaÉion

Tlie oxidation of elementai sulfur by T. thiaoxídzns is known to be inhibited by

NEM (Kodama and Mori 1968). Durìng the purification of the S0-oxidizìng enzyme

from T. thioorida¡7.r, ihe enzyme was found to be inhibited by NEM, a sulftydrl¡l-binding

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

Effect of NEM on the thiosulfate oxidatior¡ of differe¡¡t sulf'ur-gnowar cells

Different strains of S0-grown thiobacilli cells including T. thiooridans were pre-

treated with NEM in order to avoid the loss of thiosulfate due to chemical reaction with

NEM during the oxidatìon. The treatment protocol is described in Materials and

Methods. Different amounts of thiosulfate were used to study the stoichiometry of

thiosulfate oxidation. Polythionate (tetrathionate) accumulared during the oxìdation by

these NEM-pretreated cells of all three different strains of s.-grown thiobacilli under

acidic conditions. ?hey were T. thiooxidans (Tables 2 znd 3), SM4-I{EC-S0 (Table 4)

aird Tf-2-S0 (Table 5). According tû the data from the total oxygen uptake and amount

of polythionate accumulated, the stoichiometry of the reaction is suggested to be

2srû3r' + Vzû. * flrû- So0ot- + 2ûH-. [Equation 2l

The same result was also obtained with the NEM{r eated, T. thioparu.s which were grown

in thiosulfate at neuËrai pF{ (Table ó). After cyanolysis ot- the reaction mixtures, the

amounts of thiocyanate increased Iinearly with increasing thiosulfate concentrations, but
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lhe values in Table 2 were cûnsistently higher than those expected from the equâtion 2.

The amounts of thioeyanace were idencical afíer the hot cyanolysís (Table 3). since the

differences tiom the theoretical values were cûnstant (85-95 nmol, Table 2). the

oxidation of thiosulfate may have somehow increased the amûunt of cyanide-labile

endogenous sulfur released tiom cells (from 120 to 205-215 nmol). This inrerpretation

is in agreement with experiments on sulfur-grown T. ferrooxidanr 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 oxidarion of thiosulfate resulted in the thiocyanate

equivalent to 80% af the theoretical tetrathionate amount_ ln all fhe experiments, rhe

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

Ef'fect of F{QNû on tt¡e thiosr¡lfate oxidatio¡r by diffenent sulfun-gnown celtrs

Suzuki e/ al. (1993) reporred that the oxidarion of sulfite was inhibited with 2-n-

heptyl-4-hydroxyquinoline-1y'-oxide (HQNO) in T. thiooxidanr merabolizing elemental

sulfur wlrich resulted ìn sulfite accu¡nulation. T. thiooxidans and two S0-grown L

;l'errooridans (SM4-HEC-So and Tf-2-S0) were used to study rhe effect of HeNO in the

oxidation of thiosulfate. dll three strains accumulated sulfite from thiosulfate in the

presence of HQNO (Table 7). Afrer preincubation for 10 min with 50 ¡rg Hel{O, the

cells oxidized 100 nmol NarSrO, consuming only 10û nmol O, instead of 200 nmol û,

in the absence of HQhlO. There was no sulfite accumulation without F{QNû. The

NEM-treated T. thiooxidans oxidized thiosulfate to tetrathiÕnate wiih or without F{eNO

(Tables 8 and 2). The l.{EMtreated cells consumed only a quarter mole of O, per mole
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of thiosulfate in agreement with the equation 2. The âmounts ol sulfite accumulated ancl

ûxygen consulned (Table 7) indicate drat both sulfur atoms of thiosullate were converred

to sulfite by T. thiooridans in the presence of F{QNû (SrO3r- + û" + tr{?û-= 2Sû:r f
2FI-) and to sulfate jn the absence of F{QNO (SrOr: + 20, + F{rû-* 2Sû,L + 2},{*.

.41úough sutfite recovery was low with SM4-HEC-S0, the rwo sulfur-grown L

ferrooxidans strains produced similar results tô those of T. thiaoxidans.

Tetretkiaw&te ûxiÅatian by T. tkiooxídans

ÐffecÉ of pÍd on tetrathionate oxidation

The optimum pH of tetrathionate oxidation was 3.0 which was slight higher than

that of thiosulfate oxidarion (Table 9).

Effect of NEM and F{QldO on tetnathionate oxidatiom

Tetrathionâte was completely oxidized to sulfate in the absence of inhibitors and

the O, uptake results (Table 10) agreed wlth the equation: F{,Soûu + jVzA. n 3¡-{,O -*

4Hrso4. The oxidation of tetrathionate, similar to sulfur oxidation, was rotally inhibìted

by l.{EM (Table 10). Tetrârhionare was oxidized to sulfite level in the presence of

I-IQl''lû. The totâl oxygen consumption of the tetrathionate oxidation in the presence of

FIQNÛ agreed with the equation: HzSoûu + It/zA. + 3H,A * 4H,SO..

stoichiomeeÊny of ÉeÉ¡'athionate oxidatior¡ Ëm the pn"esemce cf å{el{o by T. tkíaoxíÅans

,{ stoichiometric study of tetrathionate oxidation to sulfite in the presence of



HQNO rs shown Ín Table i i, The resurts are in reasonable agreement wirh the

theoretical vaiues, i.e., the ratio ûf tetrathionate : or: sulfite is I : LVz: 4. R.ecovery

of the sulfite was somewhat lower and o] uptake was higher rhan the theoretical values.

This is possibly due to less than laa% purity of sodium tetrathionate used as substrarÊ

and the high endogenous û, uptake caused by high cell concentration (6 mg wet

cells/ml). The solution of sodium tetrathionate (Aldrich) contained some suliir which

was removed by centrifugation. The supernat¿nt which was used as subs¿rate was

assayed for tetrathionate by cold cyanolysis. .4 value obtained (g0% purity) agrees wirh

rhe amounts of sulfite formed in Table I l.

Ckaraeterizøtion øf NØM-treated T" îi¿iooxidans an Tkiasulfate ûxidatian

Effect of pF{

The effect of pH is shown in Fig. I and it ìs clear that thiosulfate is oxidized onlv

at very acidic conditions with an optimum at pH 2.3.

Effect of' ceXX comcemtnation

The rate of thiosulfate oxidation increased linearly with i'creasing cell

concentratìons (0-10 mg NEM-rreated wet cells) at pH 2.3 (Fig. 2).

Effect of su{fite

Tlre li{EM-ireate d T. thiooxidans were preincubated with different amounrs

sulfìte tbr 5 min at pH 2.3 before the thiosulfate oxidation was sta-rted. As shown

of

in
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Fig, 3, sulfire inhibited rhe ûxidarion ol thiosulfate (K, around 2 mM sulfite).

Tkiasulføte úxiÅatiow by Ce[l-Free Extrscts of T. tiøiøoxidares

EffecÉ of pEl

The optimurn pF{ for the cell-free extracts of thiosulfate oxìdation was also 2.3

(Fig. a). stoichiomet¡ic studies of the totâl oxygen consumprion were carried out ar

three different pH with different amounts of thiosulfate. The results are summarized in

Table 12. The cell-free extracts ûf T. thiooxidans oxidized thiosulfate to terrathionate

with one quarter mole of o, per mole of thiosulfate which is in agreement with the

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

Kinetic Studies of T. thiooxidans

¡dEM-treated T. tkíooxi.dans

The effect ofthiosulfate concentrations on the oxygen consumption rates of F.IEM-

treated cells at different pH values were studied (Figs. 5-iB). The kinetic cônstants are

summarized in Table 13. The reâction did not follôw a simple saturation kinetics with

increasing thiosulfate concentrations and often showed characteristics of two active sites

or two enzymes catalyzing the reaction with two different K"' and V,",_ values. The

double reciprocal dara poinrs were fitted by the approximation method of segel (1975)

to obtain K", and V"'",, values from the biphasic plots accordÌng rû the equation:
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,,_ lçl Vrnaxl . lsl Vna)<2'- :{,rL= l;l = Kn2-Td

Two reactions, V, and V, were considered to iâke place. V, had a lower Kn,, and V.".,,

and V, the higher K,,, and V,,".2. ,{t pH 1. B. V, dìsappeared. V_,*, stayed consrant

araund l'l-22 nmol 0, consumed per min from pFI 2.0 to pl{ 3.0, then dropped to 4.1

at pH 4.5. V.,*, søyed constant around 6û-70 nmol û, consumed per rrrin from pH 1.8

to pl{ 3.0, then dropped to 15.2 at pH 4.5. K"'i stayed low between O.AA-A.fi mM from

pH 2.0 to pF{ 4.5. K"', was 2 to 5 mM between pFI 2 and 4 but was lowest at 0.9 mM

at pF{ I .8. The velocity plors of thiosulfate oxidatìon ar different pH with NEM,treated

T. thiooidans are shown Ìn Fig. 5 to Fig. 1 1. The double reciprocal plots of thiosulfate

oxidation at different pH are shown in Figs. 12 ro 18, where single lines are drawn to

show the deviation of data points from simple saturation kinetics.

Llntneated T. tkiaaxi.døns

Untreated cells oxidized thiosulfate with simiiar complex kinetics of two K,,, and

V-,* values (Figs. 5-18 and Table 14). V-"-1 stayed constant around 10-20 nmol O.

consumed per min from pH 1.8 to pFi 4.5. V-",, st¿yed constant around 30-60 nmol O,

consumed per min from pF{ 1.8 ro pF{ 3.0, then dropped ro 10 ar pH 4.0. K., søyed

low between 0.03-0. 15 mM from pH i.B to pH 4.5. K,,, was higher at around 0.5 (pH

1.8-3.5)which increased rc 5 mM at pFI 4.5. The velocity plots of thiosulfate oxidation

at different pH with untreated T. thiooxidans are shown in Fig. 5 to Fig. i tr. The double

reciprocal plots of thiosulfate oxidation ar different pFi are shown in Fig. 12 to Fig. lB.
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Cefi-free ex¿raets øÊ T. tkiaoxidaws

The kinetic cûnsiãnts cf thiosuiiate oxidation by celi-free Õxrracts ai diffeient pFi

a¡e summarized ìn Table i5. The double reciprocal plot is shown in Fig. 19. This plot

is ditferent from ¡har ûf the ii'iråcr cells in rÌrat the piot is linear, while the intact ceìls

with and without NEM rreatment show "biphasÍc" kinetics.

Cke¡nical Reøetiows af Tkioswlfate Under ,\eüic Conditi.arcs

Ki-uetic studies of chemicai neactiom of tt¡losutrfate with fer¡.ic ior¡

Thiosulfate is 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 to study the kinetics of the chemical oxidation of

thiosulfate with ferric ion (2S,Or']- + 2Fer+ - S.Our- + 2Fe2+). They were l.B, 2.3 and

3.0 respectively.

Based on fenrous io¡l fo¡-enation

The velocity plots of the reactions of different amounrs of ferric ion with a fixed

amount of thiosulfate at diffe¡ent 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 pFi 1. B.

pH 2.3 and pH 3.0 are shown in trig.22, Fig. 23 and Fig. 24, respecrively. The rime

course plots of the ¡eactions of a fixed amount of thiosulfate with djfferent amounts of

fèrric ion at pH 1.8, 2.3, and pF{ 3.0 are shown in Fig. 25, Fig. Z5 and Fíg. 21 ,

respectively. The double reciprocal plots of either different amounts of ferric ion wíth
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a fixed amount ôf thiosulfate 01 different amûunts of thiosulfate with a fixed amounr of

ièrric ion ar pT-{ 1.8. pF{ 2.3 and pFl 3,û show linear lines ìntercepting the crigin, a

characrerìstic of a chemical non-enzymatic reaction (plots not sÌrown),

Based on úhiocyanate (SCN-) fonnaËlo¡r

The veiocity plor of different amouûts of thiosulfate with a tìxed amount of ferric

ion at different pF{ is shown ìn Fig. 28. The values in Fig. 20 and Fig. 28 agree with

the stoíchiometry 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, pH2.3 and pF{ 3.0 are shown in Fig. 30, Fig.

31 and Fig. 32, respectively. The time course reaction of a fixed amount of thiosulfare

added to different amounrs of ferric ion at pH r.B,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, pH2.3 and pH 3.0 show linear

lines intercepting the origin, a characteristic of a chemical non-enzymatic reaction (plots

not shown).

Autooxidation of thiosutfate unden acidic conditÍoms

The chemical reaction of different amounts of thiosulfate ìn 0.1 M p-alanine-

FITSO, buffer at pt{ 1.8, pÞ|2.3 and, pH 3.0 in the absence of fer¡ic ion is shown in Fig.
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36, Fig. 37 and Fig. 3B respecrively. The formation of polythionate increased rapirìly

only if thiosuli'ate was incubared for more than 30 nin åt either pF{ l.B and pF{ 2.3. At

pH 3.0. however, the formatiûn of polythionate remained low even when thiosulfate was

incubared t'or more rhan J0 inin.

Tkiasulf,øte {txidation by tke Acidic Extrúets af T. tkiaaxiÅøns

Thiosulfate:fenricyanide oxidoneducfase act!vity ând other componenús i¡a the acidic

eLdraets

It had been shown that thiosulfate was oxidized tû tetrathionate and an unknown

oxidized sulfur compound in a cell-free particulate preparâtion o1 T. thiooxidans (Tano

et al. 1968). In an attempt to understând the mechanism of the thiosulfate oxidation. a

soluble fraction was required for further investigation. A thiosulfate: ferrìcyanide

oxidoreductase activity was successfully solubilized from intact cells by passing the acrdic

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 rotålly desrroyed in the boiled extracts (Table 16) but the

thiosulfate: ferricyanide oxidoreductâse 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 fiom rhe soluble cytochrome ç-552 purified from

t. rhiooxidans lTakakuwa Ig75).
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Tlre aci¿iic extracts cûnrained a component which reduced yeàst (saccharomyces

cerev-isiae) or horse heart cytochrome g slcwly ai an acidic pFì, but faster at a pI{ near

or above neutrality (Table 17). Thiosulfate increased ihe rate of reduction only slightly

(data not shown) but sulfite increased the rate and extent of reduction. The total extent

ol horse heart cytochrome ç reduction was proportional to the amount of acidic extracß.

i.e.. Á.A.ro* 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

cytochrome q reduction was almost instantaneous at a pH below 6, but slow at ptr{ g, the

pH where the reduction by the acidic extracts was faster in the absence of sulfite. This

reducing activity was nor desrroyed by boiling of the acidic extracts bur was destroyed

by the preincubation with EDTA or NEM at ptr{ 7.0 (Table 17). NEM failed ro desrroy

the activity at pH 4.3 where the sulfite effect was stronger (Table 17).

Chromatography of the acidic extracts (1 rnl-) through a column of Sephadex G_

25 (9 mL) or C-50 (20 mL) at pFI 2.5 separated rhe thiosulfate: ferricyanide

oxidoreductåse activity associated with the native cytochrome q (which was always

excluded tiom the gel) from the horse heart cytochrome g-reducing activity. Therefore

the latter is not a component of the former. The acidic extracts also contained some

iron, Fe2* and Fe3+, which was separated from the native cytochrome q fraction in G-50.

Chromatography of 1 mL acidic extracts at pF{ 2.5 (25 mM potassium phosphate)

on a Sepharose CL-68 column (bed volume 20 mL, void volume 14.4 ml-) also separated

the native cytoehrome q-containing thiosulfate: ferricyanide oxidoreduotase activiry

(elution volume 18.0 mL) from the horse hearr cytochrome ç reducing acrivity (elurion
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vûluÌÌie 22.0 ml-). The native cyrôchrûme Ç was srill reduced upûn rhe addition 01'

rhlcsulfaie, but nût by suilite; and the thiosulfate:ferricyanide ûxidûreduc-tâse activity

( a.4..,,/min/mg-0.085) was now totally by boiting.

Chan'actenlzation of the ?l¡iosulfaÉe:fernicyareide Oxidored¡¡etase in Che Acidic

ÐrxracÉs

EffecÉ of pH

The optimum pH for the thiosulfate: ferricyanide oxidoreductase activiry was

around pH 2 0 (Fig. 39) although the chemical reduction of ferricyanide by thiosulfate

became considerable at the very acidic pH range. The st¿ndard assay was, theretbre.

carried out at pH 4.3.

EffecÉ of' sulfite

The enzyme was inhibited by sulfite (Table 1B), which was in agreemenr wirh rhe

enzyme from other thiobâcilli (Lyric and Suzuki 1970; Meulenberg et al. 1993a).

Preincubation increased the exrent of enzyme inhibition similar to the report for rhe L

thioparus enzyme (Lyric and Suzuki 1970), but the inhibition was much less at pH 2.0

rhan ar pH 4.3 (Table 18).

SÌrtlstrate specificity of the thios¿¡lfate oxidation¡

Table 19 shows that the reductioü of ferricyanide Lry the acidic extracß of L

thiooridans accurred only in the presence of thiosulfate and that sulfite (with or without
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A.MF), trithionare, ûr ierrâthio âte could not replace thiûsulfâte äs rhe substrarc (Table

19).

E{eat stability

surprisingly. the enzyme activity was not desrroyed by boiling (Table 19). si'ce

rhe enzyme tiom r. acidophilus lost s0% of its activity in rwo hours at 30"c

(Meulenberg et al. 1993a). However, the activity became more hearlabile after

cl.rromatography on a sepharose cL-68 coÌumn losing more than g0% of activity by

borling for l5 min (data not shown).

Ssûichionnetry of the thiosuifate oxidat¡on

The amount of ferricyanide reduced was twice the amount of thiocyanate formed

in agreement with the stoichiometry: 2S2O32' + 2Fe(CN)u3-- S.Oot' + 2Fe(CN)"a. The

resul[s are summarized in Table 20.

Effect of diff'erent anrìot¡rrts of acidlc e!.trãcÉs

The initìal rate of ferricyanide reduction increased with increasing amou'ts (0.1-1

mg protein) of the acidic exrracrs (Tâble 21). The apparenr K- for thiosulfare was 4-5

r¡M at either pH 4.3 or 2.A (data not shown).
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Ðrscugg[û¡{

Thicsulfäte is found widely in nature and its meLrybolism by thiobacilli has been

studied extensively (Kelly 1982). Alrhough its eventual oxidatlon to sulfate is obvious.

tlre pathway of oxìdation has been controversial (pronk et at. l9gû). Thiosulfâre is easiiy

oxidized to tetrathionate by the th iosulfate-oxidizing enzyme sysrem, first esøblished by

Trudìnger tn T. neapoLitanlrs (Trudinger 1961) and later confirmed in other thiobacilli

(silver and Lundgre' 1968; Lyric and suzuki 1970; Lu and Kelly 19BB; Meulenberg al

al. 1993a). Further metabolism of tetrathionate has been studied in some thiobacilli

(Pronk at al. 1990). rn T. versutus grown in a chemostat wirh thiosulfare limitation.

rhiosuÌfate is oxidized to sulfate without any accumulation of intermediates (Lu l9g6).

sulfite is an intermedrate if thiosulfate is cleaved to sulfur and sulfite (suzuki 1974),

sulfite accumulation from thiosulfate has been demonstrated in T. nove us (Deley and

van Poucke 1961), and the results in this paper support the ability of r. thiooxitlans to

convert both sulfane sulfur and sulfonate sulfur to sulfite when a further oxidation of

sulfite is inhibited by FtQl{o (Tables 7 and g). In rhe presence of F{eNo, thiosulfate

is oxidized to sulfite with a stoichiometry in accordance to the equation: H,Srû, + O,

+ H,O -- 2HrSOj. The pl{ oprimum of tetrathionare oxidation in T. thiooxidans is 3.0

(Table 9) indicating that the process is likety to occur extracytoplasmically, probably in

the periplasm. since tetrathionate oxidation is completely inhibited by irlEM (Table l0),

the reaction must involve sulihydryl groups similar to the oxidation of sultir.

Tetrathionate ìs siniilarly oxidized to sulfite in the presence cf Hel{o stoichiometrìcally

according to the equation: HrS.,û6 + 7t/zd). * 3H,0 -- 4H,Sû:. This result supports the
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mechanism suggesred by suzuki et al. (1994) that retratliìonate oxidation in r.

thiooridans involves the oxidatìon oî both sulfane GS-) and suifonic acid (-SO,H)

portrons by the sulfur- and sulfite-oxidizìng systems respectively. In the absence oí

f-{QNo, both thiosullate and teÈrathionate are oxidized rô sulfate with corresponding

increase in ox ygen consumprion.

The time course of tl.irosulfate oxida¡ion in T. thioaxidans is biphasic. with a rapid

initial oxidation rate of a quarter lnole oxygen consumed per rnole of thiosulfate.

fbllowed by a lag, and then a semi-lìnear rate to completion. In the presence of NEM,

the second phase of the thiosulfate oxidation is inhibited. The NEM-treated I

thiooxidans which is not able to oxidize sulfur (chan and suzuki 1993; suzoki et aL.

1993) oxidize thiosulfate stoichiometrically to tetrathionate under acidic conditions

(Tables 2 and 3). Tetrathionate also accumulates in other NEM-treated thiobacillispecies

(Tables 4 and 5), and r. neapolitanus also oxidizes thiosulfate ro tetrathionate ar pH 7

in the presence of NEM (Trudinger 1965). The cell-free extracts of r. thiooxidans

oxidize thiosulfate with the same O, stoichiometry and pH optimum (Table 12).

The etfect of thiosulfate concentrations on the O, consumption rate of NEM_

feared and -untreated r. thiooxidans produce biphasic double reciprocal plots wirh two

Kn, values similar to that reported in T. ferrooxidans (Eccleston and Kelly 1978). The

plots are analyzed by the approximation method of Segel (1975) to obrain rhe K-, (tow)

and K'', (high) values and corresponding maximal velocities. V,"*¡ ow) and V-,, {high)

(Tables 13 and l4). The pl-{ has a profound effect on these values which increase with

increasing pH (Tables 13 and i4). The low K., value of 30-40 ¡rM at pF{ 2.5 is in the
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same cûncentrâtion range as thûse fepôrted for th iosulia¡e-lim iÈed chemgstar cultures of

T, ierroo.uidans (tlazeu et al. 1986i whose K- vaÌues also increased with increasing pF{.

The higher K- values (K,) are close to the values reporred by other workers (e.g.

Eccleston and Keily 1978) and also increase with pFi (Tables i3 and 14). The celi-free

system shows a srmple kinetics with one K. which increases with increasing pF{ (Table

15). 'fhese values are much higher than those of K",, indicating a possibility rhar some

uptake or transport system operates on the cell to increase the affinity for thiosulfàte to

the K,,, level.

A possible formation of tetrathionate may occur either by the autooxidation of

thiosulfate at acidic pFl or via chemical reaction of the thiosulfate with intracellular meøl

ions such as ferric ion. Double reciprocal plots of the chemical reactions of thiosulfate

with ferric ions are Iinear, 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). Formarjon of

tetrâthionate by chemical reactions of thiosulfate with ferric ioirs are much slower

compared to thai of hlEM-treated and -untreated r. thiooxidans, and other thiobacilli

cells. Using 1 mM thiosulfate, the rate of tetrathionate formation at pH 2.3 is

approximately 0.1 mM per min with lmM ferric ion (Fig. 29). In Table 2, 6 mg wet

or 20 nmol tetrâthionate per min. The amount of total iron (Fe?* + Fe5+) in the acidic

extracts is estimated to be 10 nmol Fe3* per 5 mg wet cells. This amount of Fer*

according tû Fig. 29 will chenically oxidize thiosulfate at the rate of 0. I x 0.01 :
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0.0û1 ¡rmol or I nmol tetrarhionate per min. The abcve comparative studies indicate thar

the lormatioir of tet¡athionare is not due to the autûoxidation of thiosultàte at acìdic pH

nor a chemical reactìon of the thiosulfate with intracellular meul ions but is catalyzed

by a throsuifate-oxìdizing enzyme system in T. thiaox.idans.

Thiosulfate is oxidized by sulfur-grown T. thioaridans and cell-fiee extracts only

at an acidic pFl around 2.5, where thiosulfate is chemically unstable (Roy and Trudinger

1970). Theretbre, the growth af T. thiooxidans on thiôsulfate ìs normally achieved only

at a higher pH of 4.5 (Barton and Shively 1968) and 5.0 (Nakamura et aL. 1990). The

rate of thiosulfate oxidation by tl.ie sulfur-grown cells at pH 2.3 in Table I (10 nmol O,

consumed per min per 6 mg wet cells) corresponds only to I0 to 20% of the rate fo¡

sulfur oxidation in o, consumption. Thiosulfate oxidation by the thiosulfate-grown cells

(Nakamura et al. 1990) has an activity optimum around pH 5.0 and the rate is more than

ten times that of sulfur-grown cells. Since L thioaxidans require a long lag period

before the start of growth on thiosulfate when the inoculum is grown on sulfur

(lllakamura et al. 1990), a new thiosulfate-oxidizing system has to be induced. Thus, the

thiosulfate oxidation system iD sulfur-grown T. thiooxidans must play a different role.

The acidic extracts contain a thiosulfate:ferricyanide oxidoreductase which

resembled the enzyme recently purified from T. acidophilus grawn mixotrophically on

thiosulfate and glucose (Meulenberg et al. 1993b). This thiosulfate-oxidizing enzyme

system has an acidic optimum pFl which suggests a perìplasmic location as was proposed

fbr the l acidophílus enzyme. The inhibition of this enzyme acrivity by sulfite (Table

1B) is similar to that of the thiosulfate-oxidizing enzymes found in T. thioparus and T.
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acìciophìlus, supporting the ¡ole of a rhiûsulfate oxidative pathway in the meabolism of

sultur. During the oxidarion ol sulfur, sulfite may be produced slightly faster than the

rate ol sulfite oxidation, and this accumulated sulfite condenses with sulfur to tbrm

ihiosulfate which is tiren oxidìzed to ietrâthionate by the throsulfate: f.erricyanide

ôxidoreductase. Thiosulfate oxidation to tetrathionate may serve as a means of raising

the cellular pH, which will increase the rate of sulfite oxidation ro sulfate (Takeuchi and

Suzuki 1994) or allow the cells to buffer temporarily the proron excrerion from sulfuric

acid production (Wentzien et al. 1994). A more detailed study of the

thiosulfate: tèrricyanide oxidoreductâse in T. thiooxidans is hampered by its low activity

(I% af T. acidophilus enzyme in the extract) and a low growth yield (200 mg wet

cells/L).

Unlike the enzyme from T. neapolitanus (Trudinger 1961), f. thioparus (Lyúc

and Suzuki l9l0), T. tepidarius (Lu and Kelly l98B), and r. ferrooxidans (silver and

Lundgren 1968), this th iosulfate-oxidizìng enyzme iû T. th¡ooxidans is associated wirh

a c-type cytochrolne, similar to the T. acidophilus enzyme. This native c_type

cytochrome is reduced by thiosulfate (Table 16) which is similar to the reduction of a

soluble native cytochrome ç by the r. neapolitanus erìzyme. Its acidic optimal pH range

agrees with mosr reports, particularly with the T. acidophilus enzyme.

By Sepharose CL-68 clrromatography, a heat-stable activity component is

separated from the fraction containing the native cytochrome g and the hearlabile

thiosulfate: ferricyanide oxidoreductase. This component which reduces horse heart

cytochrome g (Table i7) may contain a metal since the reduction is EÐT,A infribited. and
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alsc thiol or sulfide groups since ii is l{EM inhibite¿1. It is speculated thar the componenr

is a hear-stable, acid st¿ble, i¡on-sulfur or iroii-sulfide complex of unknown structu¡e

which can slowly reduce horse heart cytochrome E at a neutral pË{, but ¡equires suìfite

at an acidic pl-{ co form a strongly reciucing compound whlch instant¿neouslv reduces the

horse hearr cyrochrome ç.
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Tahåe tr" Ðffect of l{-ethyåø¡anei¡r¡ide on So-oxidåzing ¿¡cÊ¡tiÉy ift fl"
tkíaøxidsrzf "

Time Enzyme activity
(nmol O. consumed/min)

Control lnhibition
(%)

hlo i.,lEM
control

10 mins

thr
2 hrs

2Vz hrs

24 hrs

15.6

11.54

5.22

3-43

5.25

3.43

3.00

3.00

2.57

s.25

0.00

29.87

81.76

92.90

100.0

100.0

" 0.1 mL of 80% ammonium sulfate precipitate containing 3.5 mg of
enzyme protein was incubated with 5 pL 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 ¡il- elemenral sulfur (32 gll00 mL) and 6 pmol 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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Tabïe 2" Clxidation cf't[elcsuEfate by NEM-Éneated T" tkiooxida¡¿f 
"

SCI{. SCN
(pmol) accumulated

(pmol)

Total û,, Rate
uptåke (nmol O,,
(pmol) consumed/

min)

Cell alone

0.2 pmal
l{arSrO,

0.4 pmol
l,,la,SrO,

0.6 ¡-rmol
NarS,rO,

0.8 ¡.rmol
NqSrO.

1 .0 pmol
Na"S,O.

0. 120

0.310

0.410

0.505

0.615

0.715

0. 190

0.290

0.385

4.495

0.595

0.058

0.096

0. 128

0. 170

0.210

8.0

8.8

oÁ

10.0

10.0

" The O? consunption was followed in a Gilson Oxygraph at 25"C with
1.2 mL reaction rnixture of 50 mM potassium phosphate buffer at pH 2.3.
6 mg wet cells and various amoun¡s of NarSrOr. polythionate was
measured according to Sörbo (1958).
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Tabte 3" ûxidaÉio¡r of tkiosuñfate [ry NÐM-É¡.eated 7." tkiaoxidanf .

SCN- SCN-
(¡-rmol) accumulated

(ømol)

Total O, Rate
uptake (nmol O,
(pmol) consumed/

min)

Cell Alone 0.095

0.2 ¡rmol
NarSrO,

0.4 ¡rmol
NarS,rO,

0.6 pmol
Itla,SrO,

0.8 pmol
Na"SrO,

i.0 ¡-rmol
Na,SrO,

u.l /5

0.340

0.440

0.593

0.693

0. 180

4.245

4.345

0.498

0.598

0.054

0.096

4.126

0. 190

0.226

9.6

10.4

10.0

10.0

11.6

" The O, consumprion 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 FIarSrO.. polythionate was
rneasured according to Wood (1982).
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Tabåe 4" ûxidaÉiom of ÉliìosuåfaÊe hy NÐhd-treated S&,{4-ËãEC-S0"

SCN SCN-
(¡rmol) accumuiated

(i.¿mol)

Total û,
uptake
(¡.¿mol)

Rate
(nmol û,

consumed/
min)

Cell alone 0.034

0.2 pmol
NarSrû.

0.4 ¡rmol
Na"SrO,

0.ó pmol
NarSrO,

0.8 ¡.rmol
NarSrO.

1 .0 ¡rmoÌ
NarSrO,

0.115

0. 195

0.272

0.356

4.449

0.081

0. 161

0.238

0.322

0.415

4.052

0. 100

0. 136

0. 180

0.23t

18.0

23.2

24.0

26.8

27.2

" 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 NarSrOr. polythionàte was
measured according to Sörbo (1958).
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Tahle 5. ûxidatior* of t[¡iosr¡AËate E]y NEM-tx"eated ?f'-z-Sû""

SCN- SCI{- Total O.
(¡.¿molÌ accumulated upuke

(¡rmol) (¡.¿mot)

Rate
(nmoi 0.

consumed/
min)

Cell alone

4.2 pmol
NarSrû.

0.4 pmol
hla,S:O,;

0.6 ¡^rmol
Na,SrO,

0.8 pmol
NarSrO,

i.0 pmol
Na.SrO,

0.0rs

0.079

a.ß1

a.n6

4.323

0.393

0.064

4.t32

0.22r

0.308

0.378

0.050

0.085

0.130

0.180

a.n0

32.4

33.0

34.0

38.0

" The O, consumption was followed in a Gilson Oxygraph at Z5"C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pÉ{ 2.3,
6 mg wet cells and various amounts of Na,,SrO,. polythionàte was
rneasured according ro Sö¡bo (1958).
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Tahtre 6. ûxidatåon of thios¡¡[fate hy NÐ&4-Éreate d T" tiziøpøruf 
"

SCN- SCN.
(¡¿mol) accumulated

(pmol)

Tûtal û, R.ate

upt¿ke (nmol O,
(¡¿mol) consumed/min)

Cell alone A.A24

0.2 ¡-rmol
NarSrO.

0.4 ¡rnol
NarS,,û,

0.6 pmol
Na"SrO,

0.8 pmol
Na"SrO,

1.0 pmol
NarS.O,

0.120

0.256

0.418

0.587

0.709

0.096

0.232

0.394

0.563

0.685

0.048

0.096

0.150

0.i98

0.250

9.2

tL.2

12.0

t2.4

12.4

" The O, consumprion was followed in a Gilson Oxygraph at 25"C with
1.2 mL reaction mixture of 50 mM potassium phosphate buffer at pFl 7.0,
6 mg wet cells and various amounts of hlESrO,-. Polythionate was
measured according to Sclrbo (1958).
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Íâû¡e /" E,ffleet of Ë{QF,lû o¡¡ the Éhiosu&fate oxidøtion by different
sulfur-grown t&riohaci!tri celXs at pF{ 2.3,,

SO,t- Toøl O, uptake Rate
accumulated (pmol) (nmol O,

(¡.rmol) consumed/min)

Tr-1

_IIQNÛ

+FIQNÛ

*HQNOb

Tf-2-S0

-HQNO

+HQNO

SM4-HEC-SO

_HQNO

+HQNO

0.001

0.195

4.r31

0.003

0. 178

0.002

0.012

0.200

0. 100

0. 110

0.196

0. r20

24.4

t2.4

1 8.8

21 .6

8.0

r6.8

ô.ô

0. i90

0. 106

" 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 pF{ 2.3,
6 mg wet cells and 50 ¡rg HQNO. The reaction was initiated with the
addition of 0.1 pmol Na.SrO. after 10 min preincubation with HeNO.
The rate of the first phase of thiosulfate oxidation is measured.

" The conditions were the same as described above except that Starkey's
mediu¡n 1 was used.
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Ta&¡Ìe &. Effect ofl F{QI{& ore tå¡e thíosulfate oxidatËo¡r by NEM-
treated 7'. tkiaaxidø¡cs at pl{ 2.3".

ldarSrO. S" accumulated SCN formed Total û. uptake
(pmol) (¡-rmol) (¡;mol¡ (¡moli

0.4 0.03 0.25 0.125

" The reaction mixture was the same as in Table 7. S0 was determinated
as described in Parf two.



T'ahie 9" EffecÊ of pF{ on Éetrat}niûixate oxidafion
tÃeiaaxi¡jan{-

bv T.

pH Reaction rate
(nmol Orlmin)

Total Û, uptake
(nnol)

1.8

2.û

2.3

2.5

3.0

3.5

6.û

10. B

1) ,1

13.6

15.2

13.0

8.0

7.6

5.2

4.0

4.5

150

160

160

160

160

160

160

incomplete
oxidation

incomplete
oxidation

5.0

" The O, consumption was followed in a Gilson Oxygraph at 25.C with
1.2 mL reaction mixtures: 50 mM potassium phosphate buffer, ó mg wet
cells and 50 nmol NarSnOu. The reaction was initiated with the addition
of NarSrOu.
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Taå¡le x&. EËÉ'ecÉ cf NEe'{. Í{Ql{û and differemt ãff¡û¿¡&És of tetrathio¡rate on
tetnatl-¡ionaÉe oxidatiom øf T. tiziaaxidæ,nf 

"

.A.mûunt of tetrathionare
(nmol)

Rate
(nmol û,/min)

Total û, uptake
(nmol O,/min)

tn

2A

30

40

50

6t

70

80

g0b

80"

8.0

14.4

17.2

rB.6

20.6

?.1.4

20.4

12.0

44

75

108

132

nB

198

232

255

136

" The o. consumption was followed in a Gilson oxygraph at 25"c with 1.2 mL reacrion
mixtures: 50 mM poøssium phosphate buffer (pH 2.3), 6 mg wet cells and various
amounts of Na.S"O".

b The reaction mixture remained the same except NBM-treated cells were used.

" The reaction was initiated with the addition of B0 nmol tetrathionate atier 10 min
preincubation of the reaction mixture with 20 ¡¿g HeNO.
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T'ahle {n. SÉoËclaåoxzaeÉny of teÉrathionate oxidatio¡¡ T. {kiooxidsnÈ.

.4mount of Rate Total C!, sulfìte found
NarS.Ou (nnol Orlmin) uptåke (nmol)
(nmol) (ninol O)

* F1QNÛ

- F{ONO

2A 6.8 54 16

40 7.2 78 130

60 8.0 t12 199

4081360
60 1.2.4 1BB 0

'The assay conditions are the same as described in Table 10. sulfite was determined bv
the pararosaniline method (West and Gaeke 1956).
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ï ahåe 12. T'hiosrllfate oxidation of'cell-Ëree e:.,t!:ects øE T" tieiaaxídsns at d¡ffereet
pË{.

Fla,S,û. added
(¡rmol)

Toral û.
uptakeâ

0.03

0.07

0. 13

0.23

0. 1û

0.2s

0.50

1.00

Rateb

3.2

4.8

9.6

10.0

Toø1 O. Rateo

uptâke"

0.038 3.8

0.074 7.8

0. 13 B 12..0

0.200 r3.2

" The unit is ¡rmol.

b The unit is nmol O. consumed/min.

0.03 3.2

0.08 1.2

0.12 12.8

0-25 1,6.4
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Tafule 13" Kine¿Ëc cr&stênts f'on ÉEriosr¡ifaÉe oxidaúlorl by htsM-
freaÉed 3. Ékioayiãørcs aÉ vanious på{ vañues"

K^. \/K-'pl-i

1.8

2.0

2.5

3.0

3.5

4.U

4.5

0. 11

0.û4

0.07

0.08

0.51

0.1'7

0.9

1.1

3.6

2.0

4.3

5.0

20.4

16.9

19.1

2r.4

7.9

11.6

,t1

66.1

û.a
66.1

51 .1

32.6

20.0

15.2



Tahåe ã4" Kir¡eÉic co¡astants f'or thios¡rtrfaÉe o:<idatien hv F.
Siedoaxi.dar¿s at varËous sF{ values"

1.8

2.4

2.5

3.0

4.0

4.5

0.05

0.08

0.03

0.05

0.08

0. 10

n t<

0.50

0.6s

0.55

0.60

0.60

2.50

5.00

14.û

17.5

12.û

20.0

2A.A

15.0

10.5

Jô.t,

48.0

56.0

35.0

16.0

10.0

10.5

r2t



TabÍe 3.5" KineÉËa consÉBrxts for tå¡iosr¡[fate rxÊdaÉio$ år_v ceE[-fnee
e\Aracts øf T. tizi,aaxidæs¿s at vanious pH vaÃ¿¡es,

K,,
(mM)

v,,,""
(nmoi û. consumed/min)

t.ô

2.4

2.3

;.J

3.û

i.19

a-26

û.46

0.35

4.7s

16.23

12.84

J1.Jô

19.96

21 .31



?aR¡fe i6. trfflecú of pl{ on Éhe reductåom øf T" ffiiaaxød.t¿øs cvtoclmome c wiÉk
thios¡¡lfaúe".

Totai in 4 min

Sample p{-l Rate of reduction
(4.40,u"./min)

ÂA*,u* % reducrion

Àcidic extracts

+ Dìthionite

Boiled extracts

+ Dithionite

2.5

3.2

6.5

1.0

3.2

2.5

2.5

0. 155

0.005

0.003

0.000

instant

0.000

ìnstånt

0.03 1

0.016

0.011

0.000

0.032

0.000

0.020

a'7

50

34

0

100

0

100

" 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 poøssium
phosphate buffer. The reaction was started with rhe addition of 1 ¡rmol Na,S.O. 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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Tahåe trT. R.eductíon of honse heâå"É cJ'Éûch¡"û¡ne c by the acÅdic extnacÉs of ?'.
tkÈoaxidans"

PIì ,4cidic
extracts

(pL)

.4dditions AAsso*' Time

10

za6.0

6.0 a.a2
0.02
0.05
0.07

0.03
0.04

0. 15

0.09
0.05

0. 113

0.035

0.003

0. 130

0. i30

l,lone
0.5 ¡rmol NarSO,

2A pL exfracts
30 ¡;I- extracts

none
0.5 pmol l.{arSû,

0.5 ¡rmol NarSû,

none
0.5 ¡rmol NarSO,

0.5 pmol Na,SO.

0.5 ¡-rmol EDTA
0.5 ¡rmol l{a,,SO,

5 ¡rmol |trEM
0.5 pmol NarSO,

0.5 pmol NarSO,

10 pmol NEM
0.5 ¡rmoì NarSû,

6 rnin
lnstant
Instant
lnstant

6 min
Instant

I nstant

2 min
30 min

I .3 min

13 min

1.5 min

instant

lnstånt

50

50

40

40

6.0

8.0

-t.0

/ .ll

7.4

,1 )

4.3

40

100

100

" The reaction mixture in a total volume of 1 mL (pH as indicated) contained 50 mM
potassium phosphate buffer, 10 pmol horse heart cytochrome c, 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 c followed at 550 nm
(AArrnJ and time required for the reduction were recorded after each addition of NarSO,
or acidic extracts. EDTA was preincubated for 15 min and NEM ror Zt/z hrs wrth thè
acidic extracts before the addition of horse heart cytochrorne c and sulfite.
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T'aä¡le lE. {¡zhihitÃo¡r oË ÉhiosulfaÉe: Ëenricyanåde oxidoneducÉase in ÉË¡e actdËc
evtnâcfs øf T. thiaoxid*ns hv q¡r¡fife".

pl{ NarSû,
(mM)

Preincubation Á4.,,,,"./min ,4ctivìty
(%j

4.3

z.a

4.3 û.û

1.0

0.0

0.5

" The reaction mixture ( 1 mL, final pH as indicated) contained 50 mM poøssrunr
phosphate buffer, 0. I mL acidic extracts (2 mg protein), I ¡rmol potassium feriicyanide.
and 5 ¡rrnol Na,SrOr. Preincubation of the acidic extracts wirh ña,SO. was 15 min.

0. 121

4.041

0. 16û

0.01,1

0.212

0.126

r00

34

100

9

100

s9

0.0

1.0
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,{ â¡lte 19. T[riosulfaÊe:frenråcyaralde oxidoneductase activåÉy [n ûhe
æcidie esËracÉs øf T" tkiøoxiÅønÊ 

"

Substrate Concentration
(mM)

Rate
(ÁAo"o*/min)

l,{arSrû,

NarSO. + d¡4P

NarS.ûu

2

5

5

û.040

0.094

a.072b

0.û0û

0.000

0.000

0.000Na.S.Oo

" The absorbance change at 420 nm (AAoroJ was followed at room
temperature with 1 mL reaction mixture of 50 mM potassium phosphate
buffer, 0. I mL acidic extracrs (2 mg protein), 1 ¡_rmol poøisium
ferricyanide and substrate (to sørt the reaction) as indicated. The pFl was
,1 ')

b Boiled acidic exrracts (15 min boiling) was used.
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Tabåe 2&" Stûåc&io¡ïceÉric sÉudies cf. fernlayam,Ëde reducÉicn by
ûAriosr¡Efate:fernücy*nide oxidûEed¿!ûtÊse å¡a Éke ae!dic
ek-ÉrâeÉs a{ T" tkioaxid.0,wf "

Srot
(ømol)

Ferricyanide reduced
(¡rmol)

?hiocyanate (SCN )
formed (pmol)

0.0

2.5

5.0

i0.0

0.00

0.68

0.82

t.92

0.00

4.25

4.36

0.53

" The reaction mixture contained 50 mM potâssium phosphate buffer at
pH 6.0, 0. 1 mL acidic extracts (2 mg protein), I ¡;mol potassium
fèrricyanide, and various amounts of Na,SrO,. The reaction was initiated
with ùe addition of thiosulfate. After 90 min, polythionate was measured
after cyanolysis as thiocyanare (SCN-) according to Sörbo (195g). The
values were corrected for chemical reactions without acidic exfracts.
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Tahåe 21. Effect qlf diffenent amsür¡ts of aaÊdic exËrecÊs ûg F"
tkíooxidarcs on fea"ricvanide ned¡¡ctioc!,.

l"mount of Total rate
exLracts (Á,40-"_/m in)

(me)

Chemical iate Rate difference
(AÁ.u.o",'/min) (Á,4010,",'/min)

û. I

tr. i

0.4

0.6

0.8

1.0

û.0881

a.lr02

t.1374

4.1613

0.1726

0.2016

û.0306

0.0246

0.0182

a.a2I5

0.0204

0.0202

0.0575

0.0856

0. 1192

0. 1458

t.1522

0. 1814

" The reaction mìxture contained 50 mM potassium phosphate butfer at
pH 2.0, 1 ¡rmol potassium ferricyanide and various amounts of acidic
extracß. The reaction was initiated with the addition of 5 ¡rmol Na,SrOr.
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Figure n , EffecÉ of pH on ût¡ios¡¡lfaûe oxidatio¡l by l{EM-Êreated fl.
tkiaoxiÅaws.
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Figure 2. Effect of cell concemÉnaÉio¡e o¡¡ thiosulfate oxldationn by
NEM-treaÉed T, tkioaxidøns.
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Figalre,{" Effect of pF{ on É[aiosuåfate oxidatio¡l hy cell-fnee
ext!:acts a{ T" tkiaoxiÅa.ws "
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Flgune 6. Velocity plot of thiosu{fate oxidaúion at pI{ 2.& by fl.
tkiaaxidans wlth and withrout NEM-treåÉmenÉ"
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Figune 7, Velocity ptroÉ of thiosealfaÉe oxidation at pH 2.5 by ?'"

tkioaxidsøs w¡th ând wiúhout NEM-treatrne¡¡t"
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Figune E" Velocity plot of tErlosarXfate ûxidatior¡ at pH 3.& by F.
tki.ooxi.døws with and withor¡û NEM-t¡:eãËmenÉ"
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Figure ntr. Velocity plot of thüosulfaÉe oxidaúio¡¡ at pÉ{ 4"S by fl.
tkiaaxi øns with ar¡d withouÉ ¡dtsM-treåt¡r¡e$t"
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Figune 13. Ðouble necipnocal p{ot of thios¡¡lf'ate oxidatiom at pË{ Z.û
îty T. tfeioaxíÅør¿s witfu amd wiÉt¡o¡¡t NEM-ÉreatÃ¡xent.
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Figure 15, Ðouhle recipnoea[ påot of thios¡rlfate oxidation at pI{ 3.t
kty T" thiaaxiÅaøs with axnd withouÉ NEM-Ëreat¡nenê.
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Figure n6. Ðouble reciprocan ploÉ of thiosuìfafe oxidatio¡r aÉ pH 3"S
kty T" tkioaxidøms with and witÌ¡out NEM-ûE eâtmefiú"
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Figure tr9, Ðoub[e neciproca! plot of thiosunfate oxidatiom
diflfenent pH hy celÍ-fnee extracts øf T, tkioaxidøns"
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Figure 2t" Velocity plot of differemt am¡ounts of thiosu-åfate wiÉh a
f"¡xed a¡¡aon¡nt of fenric ion (1 waM),

148



8.7 pÍ{ 1.8

pÈt 2.3
----ê *

pf{ 3.0t"6

(-)

ft)

-o
Ê u-¿¡
o

o,)

e 0.3

!..

o 4,2
RI

û.i

0123456
T'hiosulfaæ concenh'ä.tion (nnM)

Not€: based a.Á fefi.ous io-û forEåtiqs dåtå

@/

Y

f
@

/ø

{ .,r'ø

/ w',
/ ,"/

W./
@

/ø,'
&'/

/ø*



Figure 21. Vetocity påoÉ of'difflerenÊ ânfic,unts of ferric ior¡ with a
flwed amount of thiosulfaÉe (1 mnM).
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Figure 22. C[¡emicaå neactlo¡¡ of' differe¡eË a!&orlnÉs of thiosu]faÉe
witF¡ a fli-ved anno¡¡mt of fe¡"ric io¡l (n ¡mI4) added at pÃ{
t"E.
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Figwe 23. Chemrical neactione of diff'enent ânnournts of Éhiosulfate
with a flnxed amou¡¡t of fennie io¡r (l ¡tlM) added at pF{
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Figelne 26" Che¡mical reactio¡a of diffenent amno¡¡&És of fennic ion
with å fl!-xed ârxnrailrt of Éhiosutrfaûe (l mM) added at pf{
j '¿.
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Figure 3n. Chemica[ reåcti@m of diffenent emou&ts of tlaiosulf'ate
with a fixed amount of fem'ic iom {1 mÀ4} added at pE{
¿ ".:t "
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F igun'e 32. C[remica! neactior¡ of differe¡rÉ â$rot¡Erts of thiosr¡{fate
with a fixed ar{xoÊr.ånt of fenrie iom {1 mM) added at pFã

3"t.
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Figure 33" Ct¡emical ¡'eacÉion of diffenent ar¡¡ounts of fennic io¡r
¡vitl¡ a fli-ved ârmûunÉ of ftriosulfate (l mM) added at pH
r"('"
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Figure 34. Chemical reactlor¡ of diffenent amût¡¡rÉs of fennic ion
with a ffixed anaount of Éhiosr¡-[fafe (n mM] added at pff
2"3"
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Figure 36. C&¡e¡¡¡ica! reaûtioxn of diffenent ffx¡oumfs of'Ëhiosutfate ir¡
p-alaniree-HrStn buffen at pf{ l.E.
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Figarre 37. Chermical neactior¡ of differer¡t âmûumts of thiosulfate i¡¡
B-alamine-l{rSûo buffen at pEl 2 "3 "
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ÐTNÐLASWÌ{

Sulfu¡ cxidation by T. thioaxidans was iniibi¡ed by a sulftydryl-binding inhibircr,

NEM. Partially purified sulfur-oxidizìng enzyme fram T. thiooridaras was ìnhibited by

l{EM, and tÌre inhibition was time-dependent. ceil-free exrracts, in rhe presence of

GSF{, oxidìzed sulfur to suÌfite, and also formed rhiosulfate from sulfur and suifite.

sulfide was oxidized to eieme'tal sulfur nearly stoichiomerrically with the o.

consumption 0.5 mol orlmol of sulfide when further oxidation of sulfur was inhibìted by

NEM. A sensitive and quantitative analytical method was developed for detecting a

rninute quantity of accumulated elemental sulfur which was formed during the oxidation

of sulfide in the presence of NEM. The optimuri pH of sulfide oxidation was 5. The

lowest K- was found to be B ¡-rM at pH 7.0.

In the presence of different strains of NEM{reated thiobacilri cells (Tr1 , Tf-2-

s0, sM4-Hec-S' and r. thioparus), thiosulfate was oxidized to tetrathionate with the o.

consumption of 0.25 mol ûrlmol of thiosulfate. Tetrathionate oxidation was completely

inhibited by NEM. The optimum pH of terrathionate oxidarion was 3.0. NEM-treated

T. thiooridans oxidized thiosulfate to tetrathionate at an optimum pF{ 2.3. NEM-treated

and -untreated r. thiooxidans produced biphasic double reciprocal plots with two K-

values and two v.,, values. These values increased with increasing pt{. cell-free

extracts of r. thiaoxidans also oxidized thiosulfate to tetrathionate but wiihin a pH range

of 1.8 to 3.0.

A thiosulfate:ferricyanide oxidoreduct¿se which catalyzed the oxidation

thiosulfate to tetrathionate at an acidic pFI range was successfully solubilized frorn

UI

T.
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thiooxidans by an unusual acid ¿reatment. The acidic extracts, rus obtained. con¿ained

a native cytochrome ç wìrich was reduced by thiosuifate only at an acidic pn-{. A

compound which reduced horse heart cytochromr q at a neutral pFi but required sulfite

at an acidic ptr-{ was also identified in these acidic extracts.

sulfìr, sulfide, thiosulfate and rerrathionare were all oxidized. with sroichiomerric

Û, consumption, to the level of sulfite when further sulfite oxidation was inhibited by

l{Qhlo. Element¿l sulfur was stoichiometrically oxidized to sulfite by T. thìooxidans in

the presence of L{QNO at a wide range of pFl from 2.5 to 9.0 with equirnolar oxygen

consumption according to the equation: s + o? + H,o-* F{"so¡. sulfide, thiosulfate

and tetrathionate were oxidized to sulfite with û, consumption of 1.5 mol/mol of sulfide.

1 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.g to 4.0.

The results presented in this thesis read to the proposal of a model for the

pathway of inorganic sulfur met¿bolisminT. thiooxidar¿s as shown in scheme 1. In this

scheme, sulfur (sulfane sulfur [s]) and sulfite are the key intermediates in the oxidation

of elemental sulfur (s0), sulfide, thiosulfate and tetrathion ate by T. thiooxidans. sulrur

oxidation is inhibited by ld-ethylmaleìmide (NEM) and sulfire oxidation is inliibited by

2-n-hydroxyquinoline-1y'-oxide (HQNO). sulfane sulfur, when accumulared, is readily

converted to element¿l sulfur (s* or s0). Thiosulfare is either oxidized to tetrathionâte

t-or further oxidation or split to sulfane sulfur and sulfite for further oxidation via the

sulfur- and sulfite-oxidizing sysrems. when sulfur oxidation is inhibited by NEM,
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thiosulfate is oxidizeci ro tetrathìonate with stûichiûmetric û, consumption. F{owever.

both thiosulfate and tetrathiûnâtå are *xidized ro sulfite when further sulíite oxidation is

inhibited by I{QF{û.

na
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