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ASSTRACT



ABSTRACT

Sulfur metabolism of Thiobacill-us thiooxidans. \^ras studied with

specific emphasÍs on the purification and characterization of sulfur-

oxidising enzyme. A mild trypsin treatment of the cel-ls prior to

sonication I¡/as found to be a very effective method for solubÍlizing

the sulfur-oxidising activity. The purified enzyme had a bright

yellow color and a molecular weight of about 40,000. It showed

absorption peaks aL 27Zrrm, 410nm, 448nm and a shoulder at 478nm. on

reduction with dithionite, absorption peak at 448nm and a shoulder at

478nm disappeared and 410nm peak dinrinished to some extent. Enzyme was

found to be flavoprbtein containing flavin, non-heme iron and labile

sulfide in 1:1:1:1 mol-ar ratio with protein. Flavin \ras tentatively iden-

tified as riboflavin along with AI,[P. Riboflavin and FMN bur not FAD

were shown to stimulate the catalytic activity of flavÍn-free sulfur-

oxidising enzyme. Reconstitution of inactive flavin free enzyme with

ríboflavin and AMP was also attempted to provide further evidence for

the participation of flavín in sulfur oxidation.
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INTRODUCTION

The thiobacílli are chemoautotrophic microorganisms that derive

energy and reducing power for their growth from the oxidatlon of inorganic

sulfur compounds and assírnilate atmospheric carbon díoxide to

synthesize cellular carbon. Depending upon the degree by which organic

compounds supplement the nutrition, these sulfur bacteria can be classífied

as obligate, facultative or mixotrophic chemoautotrophs.

Thiobacillus thiooxidans, an obligate chemoautotrophíc bacterium,

can utilize various reduced or partially reduced sulfur compounds

including elemental sulfur, sulfide, thiosulphate, polythionates and

sulfíte, although sulfur seems to be the preferred substrate for

optimal growth. IÈs ability to i¿ithstand extremely acidic conditions

(lower than ph 1.0), distinguishes this organism from other thiobacílli.

In spite of the simplícity of the nutritional requirements.

T. thiooxidans is knor¿n to be a very complex and sophisticated

microorganism, physiologically and biochemically. Sulfur metabolism of

thís organism has been a focus of great deal of attention for the

past several years. Based on the studies with intact cells, ceIl

free extracts or purified individual enzymes, only a basic outline of

the mechanism of sulfur oxidation has been elucidated. There have

been various divergent reports regarding the sulfur oxidising system.

In this present study, an attempt \,/as made to purify and characterize

the sulfur-oxidising enzyme, a key enzyme in sulfur metabolism, with

ari aim to better understand and clarify the nature and characterisLics

of sulfur oxidation in general and sulfur-oxidising énzyme fn partícular.
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HISTORICAI

ThiobacÍ1lus thiooxidans, first discovered by l^iaksman and Joffe

(1922), is an obligate chemoautotrophÍc organism ivhich derives l_ts

energy and reducing power for growth from the oxidation of inorganic

sulfur compounds. It is one of the most acidostable organisms sinqe

the bacterium, although the optimum pH for growth is near 3.5, can

metabolize elementary sulfur at pH values less than 1 and even survive

pH values close to 0 (vishniac and sanrer, 1957). rts abilÍry Lo with-

stand extreme acidic conditions distinguishes this organism from the

other thiobacílli. hmnediately following the discovery and ísolation of

thiø organism, intensíve invàstigations !üere carried out on the general

þhysiology and sulfur metabolism (Joff e,1922: I^Iaksman, 1922; Waksman

e! al, L923; inlaksman and Strakey, 1922, L923; Lipman, 1923; Srarkey,

1925). The current status of these biochemÍca1 aspects has been thor-

oughly reviewed (Lees,1955,1960; Peck, L962,1968; Trudinger, 1967,

L969: Kelly, 1968; Roy and Trudinger, 1970; Suzuki, Lg74; Aleem, L975;

0h and suzuki, r9B0). rn spite of intensive investigation, many aspects

of sulfur metabolism of this organism continue to be vaguely understood.

(f) Sulfur Oxídation

Elemental sulfur is in key position in the oxidatlons of various

other redueed sulfur compounds and to understand the mechanism of sulfur

oxídation, sulfur-oxidising system of T. thiooxidans has been subject of

most intensive studies. The early work with intact cells established

that elemental sulfur is oxidised aerobj-cally to sulfurlc acÍd as follows

(Waksman, L922; Waksman and Starkey, L923; Starkey, 1925; Parker and

Prisk, 1953):



so + 1r¡ 02 + H2o sol- * zu+

However this transformation does take place in several steps. one

suggested pathway of sulfur oxidation proposed the formation of thio-

sulfaËe and polythionates as Íntermediates (Vishniac and Santer, Lg57).

Initially, investigation by Suzuki and l^Ierkman (1959) seemed to supporr

this paËhway. cell-free extracts, prepared by Raytheon oscillation,

v/ere capable of oxídising sulfur upon the addition of substrate quantities

of reduced gl-utathíone. Polythionates and thiosulfate \,rere detected. to

be the products. 0n the basis of production of hydrogen sulfide from

sulfur by T. thiooxidans (Starkey, 1937) and inhibition of sulfur oxida-

tion by whole cells on addition of thiol-binding reagents (Vogler, L942;

Vogler et a1; L942) ¡ Suzuki and l^lerkman (f959) proposed rhat sulfur v/as

initially reduced to sulfide by the following non-enzymatic reaction:

s + 2csH H2S + GSSG

GSH (reduced glutaËhione) can be regenerated by the glutathione reductase

present in the extracts (suzuki and L{erkman, 1960). Hor,¡ever later on

Suzuki and Lees (L96Ð prepared T. thiooxidans extracts which required

only catalytic quantities of GSH for sulfur oxidation. The partially

purified sulfur-oxidising enzyme was found to be devoid of glutathione

reductase and sulfide oxidising activity (Suzuki, 1965) r âD ind.ication

that formatíon of free sul-fide did not occur during sulfur oxidation.

Thiosulfate was found to be the end product of the reaeti-on. s.u.bsequently,

the mechanism of sulfur oxidatíon was revísed to l-ncl-ude glutathione

polysulfide as an intermedíate (Suzuki, 1965). sul-fur oxidation was

proposed to be initiated by nucleophilic attack of a sulfhydryl compound.

on the Sg ring resul-ting Ín the formation of a lÍnear polysulfide chain.



Such a compound could be oxídised by the sulfur-oxidising enzyme as

follows:

Later, it was found out that the actual product of the sulfur oxidation

r¿as sulfite rather than thiosulfate (Suzuki and Silver, 1966). Thío-

sulfate was produced from the non-enzymatic condensation of sul-fur v¡íth

sulfite as follows:

S +GSH GSSHnn

)-+
GSSnH + 02 + H2O ------) GSSr*2 + S2O; + 2H

s + oz + H2o GSH'* sof- + zH+

t- )-so: + s s^o:J 23

The sulfur-oxidising enzyme has been tenLatively identified as non-heme

iron containing oxygenase (Suzuki, 1965; Suzuki and Silver, L966).

Besides the above-mentioned sulfur-oxidising system requiring

catalytic amounts of GSH, tvro other sulfur-oxidising systems have been

prepared from ce11-free extracts of T. thiooxidans.

(a) A large ce1l wa1l-membrane complex ¡¿hich caËalyses the oxidation

of elemental sulfur (presurnably to sulfate) without the addition of GSH

(Adair, 1966; Taylor, 1968). The ability of thiol-binding agents to

block this sulfur oxidation indicates the presence of endogenous sulf-

hydryl groups.

(b) The sulfur-oxidísing system which catal-yses the oxidation of

elemental- sulfur to sul-fate and requires both soluble and membrane

fractions (Kodama and Mori, 1968; Kodama, L964).

The sol-ub1e fraction rrras further separated into collodion membrane-
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permeable and -impermeable components. In reconstitution of the sulfur-

oxidising system, the function of the former component \ras shown to be

replaceable by NAD or NA-DP, but not by cysteine or reduced glutathione

(Kodama, 1964). Addítional purífication and characLerízatíon of the

soluble system was performed by Takakuwa (1975). It was resolved into

two comPonents: a non-heme iron protein of molecular weight L20r000 and

a flavoprotein containing non-heme iron r¡ith a molecular weight of 23r000.

Removal of iron by KCN or diethyldithiorcarbamate treatment decreased the

enzyrne activity, showing that non-heme iron was essential to eulfur oxi

datÍon. Inþibition by certaln 1¿16s¡¡i inhibitora of flavoproteín was taken

to índicate the lnvolvement of flavín as well in sulfur oxidar.ion.

Su1fur-oxidising enzymes have also been isolated and characterized

from T. thioparo.rs (Suzuki and Silver, L966), T. novellus (Charles and

Suzuki, L966) and T. ferrooxidans (Silver and Lundgren, f968).

Despite intensive investigation of the mechanism of sulfur oxidatíon,

very little information is available in regard to the mechanism of attack

on the elemenÈal sulfur particles by baeterial cells and the mobilization

of this insoluble substrate to the essential enz)rme systems. Umbreit

et a1 (1942) reported that direct contacË between terminal fat globules

of bacterial cells and sulfur particles \,,/as necessary in order to dissolve

the elemental sulfur for oxidation. Horvever they were unable to confirm

the faË globules by microscopic studies and later Knaysi (f943) demonstra-

ted that so-called ttfat globules" actually consisted of volutin and

sulfur.

AnoËher concept is that both the attachment of the organisms to

sulfur and solubilization of the sulfur particles by phospholipids and

other extracellular compounds released by the cells are necessary for the

oxidation (Schaeffer and Umbreit, 1963 and Jones and Benson, 1965; Shively
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and Benson, L967; Rov and Trudinger, 1970). There is some experimental

evidence for this theory that cells have been phoËographed clustered

around eroded sulfur particles and a brief stationary phase after inocu-

lation of a culture appears to be necess aty for the production of phos-

pholipids or other cellular material-s required for adhesion (Cook, 1964) .

Recently Takaku¡¿a and his co-workers (L979) have done extensive

studies on cell-sulfur adhesion and have reported that cell-sulfur

adhesion is inhibited by thiol-binding reagents indicating that thiol

groups which may be present in the cell enveloperare essential for cel1-

sulfur adhesion process. Both the adhesion process and oxygen uptake

activity were shown to be signíficantly inhibited by some heavy metal

chelators, electron transport chain inhibitors and anoxia indicating

that. adhesion process must be energy dependent.

As a whole' our present knowl-edge on the oxidation of sulfur seems

to indicate thaË thiol groups on the bacterial cell envelope form poly-

sulfide complex r,¡ith the sulfur before its oxidation to sulfate through

sulfite as an intermediate. Sulfur-oxidising enzyme is probably located

on or near the cel-l- envelope in the vicinity of thiol- groups. Different

sul-fur-oxÍdising systems reported by various investigators are simply

caused by the presence or absence of membranous thiol- groups in the

preparations.

(2) Sulfite Oxidation

Sulfite is a key intermediate in the oxidation of al-I- inorganic

sulfur compounds. Two different pathways, namely Aps reductase

(adenosine-phosphosulphate reductase) and sulfite oxidase (sulfite:

cytochrome c oxidoreductase), are basical-l-y functional- in the oxidatíon

of sulfite.
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APS reductase path\47ay v/as f irsÈ proposed by Peck (1960 , L962) .

Based on his studíes with T. thiopaEus' he proposed the intermediary

formation of APS (adenosine phosphosulfate) from sulfite and AIß by APS

reductase. During substrate-level phosphorylation, A?S is converted to

A-DP and sulfate by ADP sulfurylase. ATP and AMP are produced by means

of adenylate kínase as follows:

?- APS reductase2SO: +2AMP +2APS+4e
J

2ApS + 2pi ADP sulfurvlase 
' 

2 ADp + 2SOl-

2 ADP a<lenylate kinqse 
' 

AMP + ATP

APS reductases have been purified from Desulfovibrío vulgaris

(Peck, et al, f965), T. denitrificans (Brown et a1, L966), T. thloparus

(Lyric and Suzuki, L970) and Thicocapsa Lqgegpelgig4g (Trüper and

Rogers, 1971).

The finding of a sulfíte : cytochrome c oxidoreductase in

T. novellus distinct from the APS reductase has led to the proposal

that an Al'fP independent system, which neither needs AMP nor produces A?S,

functions as an additional mechanism of sulfite oxidation (Charles and

Suzuki, 1965, 1966). The purified enzyme oxidíses sulfíte to sulfate

¡¿ith a concomitant reduction of cytochrome c:

)-?+r-+t+SO; + 2cyt c Fe-'+ H^O -----+ SO; + 2cyL c Fe'" + 2H'J-¿4-

The reduced. cytochrome is then oxidised with mol-ecular oxygen by

cytochrome oxidase (cytochrome c : O, oxidoreductase):

2 cyt c F"2* + t¡ro, + zt{ -------à 2 cyt e F"3+ + Hro
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Sulfite oxidase (sulfite : cytochrome c oxidoreductase) has been isolated

from T. intermedius (Charles, L969), T. thioparus (Lyric and Suzuki,1970)

and T. ferrooxidans (Vestal and Lundgren, L971). Recently both sulfite

oxidase and cytochrome oxídase have been detected in the membrane-associated

thiosulfate-oxidising complex of T. novellus (Oh and Suzuki, L977). An

unusual sulfite-oxidising enzyme from T. neopolitanus has been isolated and

characterised (HempflinB s! al, 7967>. Enzyme was stimulated by AMP and

reacted directly with either ferricyanide or oxygen, but did not reduce

native or horse-heart cytochrome c. Enzyme was probably intermediate to

APS reductase and sulfite oxidase as it was stimulated by AMP but did not

form APS.

Sulfite oxidation by

investígation. Presence

thiooxidans is at the prel-iminary stage of

APS reductase paËhway in this organism is

T.

of

controversial aË present. Peck (1961 , L962) has reported fts presence

whíle Adair (f966) has indicated otherwise. However sul-fite oxídase

pathway has been detected in the membrane fractíons of crude cell-free

extracts (Adair, 1966; Kodama and Mori, 1968). Two different kinds of

terminal- oxidases have been reported in T. thiooxidans based on carbon-

monoxíde inhíbition studl-es of sulfur and sulflte oxidations. Sulfur

oxidatíon was photo-irreversibl-y inhibited compared to photo-reversible

sulfite oxidation (Swatsuka and Mori, 1960; Kodama and Mori, 1968). How-

ever care should be used in interpreting the carbon-monoxÍde inhibition

studies unËil spectrophotometric evidence of carbon*monoxide binding to

terroinal oxidases is avail-abl-e. Kodama e.t al (l-970) and Takakuwa (1976)

have also d.emonstrated the participation of membrane bound a, b and c

type cytochromes and a flavoprotein in sulfite oxidation in T. thiooxidans.

(3) Sulfide Oxidation

Sul-fide is probably oxidised to sul-fate through pol-ysul-f ide and sul-f ite
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sulfide as intermediate as follows :

S-

['J

+L¡rOr+
+02+Hzo

t0ã + L/2

¿
2H' -------)

-------------)
0 ,̂/ ----------------

fsl + riro
')- -rr0; + 2H'

SO;

tft.t. ISJ represents a polysulfide-sulfur. Once sulfide is converted to

polysulfide, it can be further oxidised by a mechanism sinrilar to elemen-

tal sulfur oxidation.

Intact cells as well as cell-free extracts of T. thÍooxidanq,

T. concretivorus and T. thioparus gror¡/n on elemental sulfur as energy

source catalyse an enzymatic oxidation of sulfide (Moriarty and Nicholas,

1969, 1970) though oxidation of sulfide \,/as consÍdered by some workers

as a non-enzymatic Process (Adair, L966). Sulfide oxidase eîzyme respon-

sible for sulfide oxidation to polysulfide level has been reported to be

membrane bound in T. concretivorus and the following tentative electron

transfer scheme has been presented for sul-fide oxidation to polysulfide

level (Moriarty and Nicholas, 1970).

)-S- Cú ,protein 

-> 

(Flavin?) Cytochromes -

Þ ---) " ---) d -----z 0.

In T. denitrificans sulfide is oxidised by intact cells with either

molecular oxygen or nitrate as the terminal electron acceptor (Peeters and

Aleem, 1970). Recently Sawhney and Nicholas (f978) reported the purifica-

tion of sulfide-linked nitrite reductase from T. denitrificans. Enzyme

contained c and d type cytochromes in the ratio of 1:1 and could also function

as cytochrome oxidase. A possible scheme for the electron transfer during
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sulfide oxidation in this organism r¡as proposed as folloÞ/:

,- ')- -!rz0ã + 2.02 + H20 
----+ 

2s0; + 2H'

nitrite reductase

(4) Thiosulfate Oxidation

Thiosulfate is the preferred substrate of many thiobacilli that

grow around neutral pH conditÍons. Both sulfur atoms of thiosulfate

are normally oxidised to sulfate as follows:

r¿here sulfur and sulfite are well-documented i-ntermediates.

A great deal of attention has been focused on the elucidatton of

mechanism of thiosulfate oxidation and various theories have been

proposed (Lees, 1960; Peck, L9623 Vishniac and. Trudinger, L962; charles

and Suzuki, L966a; Trudinger, L967,L969; Lyric and Suzuki, 1970;

Suzuki, 1974; 0h and Suzuki, 1980) .

AË present, very little is known about thiosulfate oxidatlon by

T. thiooxidans. Thiosulfate-oxidising activity has been shown to be

pïesent_ in this organism (London and Rittenberg, Lg64). The rhodanese

activity, normally associated with thiosulfate oxidation (Charles and '.'

Suzuki, I966a; Snith and Lascelles, 1966) is also found in this

organism (Lukow, L977) and probably functions in thiosulfate oxidation

by a similar mechanism as proposed by Suzuki (Lg74). According to

this mechanism, thiosulfate is first cleay.ed to sulfur (which r¡ould

forro polysulfide by reacting with indigenous sulfhydryl groups) and

sulfite by thiosulfate-cleaving enzyme (rhodanese). Sulfur derived
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from the sulfane group (outer position of thiosulfate) is oxidised to :,tl

sulfite by sulfur-oxidisíng enzyme and sulfite is finally oxidised to

sulfate by sulfite-oxidísing system as follows:

a

S 
"0;¿J

s +02+H2o

+202 +H20# ôr

250: + 2 H'
4

In conclusion, !ùe can say that our present knowledge of sulfur

metabolism of'T thiooxidans is very limited. Studies regarding

the nature of cell surface and mechanism of acidostability of this

nrícroorganism are at a primitíve stage. Although g, Þ, c and g type

cytochromes have been detected (Kodama et al, L97O; Takakuwa, L976),

very little is known about the nature and physiological role of these

electron transport components. I^iith the êìice.ption of some c type cytochro-

mes (Tano et al., t96B; Takakuva, L975a), other electron transport.

components have never been isolated and characterized. Mechanisms of

energy coupling and reducing power generation remain to be unraveled.

Hopefully, in future all these aspects of sulfur metabolism r¡ou1d

be clarified.

t_
23O;

')_S +SO;
)- -!s0; + 2 H'

a
2soi

,
szoã
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MATERIALS AND I',IETHODS

Materials

All chemicals and reagents used were of analytical grade and

connnercially obtained.Sulfur (precipítated) was obtained from British

Drug Houses Ltd., London, England. sodium sulfide, sodíum thiosulfate

and sodium sulfite were the products of Fisher scientific company,

Fairlar^m, N.J., U.S.A. CaËalase (liver, 2 times crystallized), GSH,

GSSG, AMP, ADP, riboflavin, FMN, FA-D, Cytochrome c (type III, fromhorse

heart), bovine serum albumin (crystalline and fraction v), lysozyme (egg

white), lipase, trypsin (bovine pancreatic crystalline), trypsÍn inhibitor

(from soybean), Tween-8O, Triton X-100, sodÍum deoxyðhlolate.:, sodium

dithionite, Tris (Trizma Base) were obtained from Sigma.ChemÍcal Co. St.

Louis, Missouri. DEAE-cel-lulose was from schleicher & sch{iell rnc.,

Keene, New Hampshire. Sílica gei- coated sheets for thin layer chroma-

tography were obtalned from Brinkmann rnst. canada Ltd., Rexdale, ont.

The gel chromatography media, Sephadex G-100, sephadex G-25, BlueDextran

2000 and molecular weight calibration kit were products of Pharmacia Fine

Chemicals, Uppsula, Sweden.

All the reagents including buffers r^rere prepared in glass distilled

water.

Organism and Growth Conditions. A pure culture of Thíobacillus

thiooxida¡rs (ATTCC B0B5) v,ras grovrn under auto,trophic conditions in Starkeyrs

medium (1925) whlch contaíned 0.3g (UH+)Z S0+, 0.5g MgS0O 7H2O,0.OlBg

FeSOO 7HZO, 3.5 g KH'PO4 and 0.25 g CaCl2 per one l disrilled rùarer. The

organism rrlas grovJn in 3-l Fernbach f lasks, each containing one 1 of above

mentioned SEarkeyrs medium (pH 4.5). After addition of 2-2.5% inoculum,
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10-LZ g poi,¡dered precipítated sulfur was added and spread around to cover

the surface of the medium by gently swírlíng the flask. Flasks were

covered with tissue papers and incubated at 28oC lor four days. After

incubatíon, sulfur vras removed by filtration through l{hatman No. 1 filter

paper under suction. At the tíme of harvesting, the pH of the culture

was between 1.2 and 1.8. The cel1s were collected by a sharples super

centrifuge f itted v¡ith a r,rater cooling system (zoc) at 40,000 r.p.m. and

washed three times with distilled r^/ater. The cell yield varied between

0.2 - 0.4 9 (wet weíght) per 1 of the medium. The cells were maintained

(about 10 mg wet wt. cells per ml water) at 4oC and normally used within

I to 2 days for preparing cell-free extracts.

Methods

Preparation of Sulfur Suspensíon. The sulfur suspension whích was used

as a substrate for the sulfur-oxidising enzyme r¡/as prepared by suspending

20g precipitated sulfur in 100 ml of 0.05i4 Tween-8O. After stirring

the sulfur suspension vigorously for six hours, it was sonicated for one

hour in a 10 kc/sec. Raytheon sonic disintegrator. The rnilky white

colloídal sulfur r¿as decanted off from the sonicated sulfur and was

dialyzed for 24 hours in 0.05% Tween-8O to remove contaminating ions.

The sulfur concentration was determined by drying aliquots of sulfur

suspension at 65oc and weighing after cooling to room temperature.

Preparation of Cell-Free Extract. The cel1 suspension \^ras centrffuged

and r¿ashed once more wiËh 0.2M Tris:-C1 buffer (pH 7.5) and resuspended

(100-140mg wet weight cells per ml) in 0.05M Tris -Cl buffer (pH 7.5).

This cell suspension vras treated with trypsin (l.5 ng per mg weÈ weight

cells) for 15 minutes with gentle stirring at room temperature. The

treatment v/as stopped by adding trypsin Ínhibitor. Trypsin treated cells
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were sonicated for l0 minutes at 7oC in a lO kc/sec. Raytheon sonic

dísintigrator. The sonicated cell- suspension \,üas centrifuged at 22,000

xg for 15 minutes to remove cell debris and unbroken cells. The resuking

supernatant \,ras designated as cell-free extract. The cell-free extract

contained B-12 mg of protein per ml and was used immediately or stored at

4oC until further use.

In some experiments the preparation of crude extract was performed

r¿ithout trypsin treatment and by sonicating the cells for 2O mínutes.

ProËein Determination. Protein contents were determined according Eo

serum albumin v¡as used as theLowry et al (1951). Crystalline bovÍne

reference protein.

Determination of Tron in Ëhe Enzyme, Iron r¿as determined by the method

of Rajagopal-an and Handler (L964) and Massey (L957) with some modlflcatíon

as described by Suzuki and Silver (L966). To a 1.0 ml sample was added

1.0 saturated aqueous 2,2:bipyridyl. After I hour incubatíon in the dark,

0.2 ml saturated ammonium acetate and 0.3 m1 r^7ater were added. The

míxture was incubated for an additional hour and the optical density at

520 nm r/¡as determined using a reagent blank. The value obtained gave the

ferrous iron content. Total iron was estímated by adding a small amounË

of sodium dithionite to the sample and incubating the mixture l-n the dark

for I hour before determining the O.D. as before.

Deterrnination of Labile Sulfíde in the Enzr¡me. The sulfide contenË of

the enzyme \¡ras determined by a modif icatíon of the method of Fogo and

PopowskÍ (f949) , essentially as described by Suzuki and Silver (1965).

To a 0.65 ml sample containíng 5-100 nmoles of sulfide, equal volume of

2% zinc acetate was added and mixture rnras centrifuged. To the supernatant,

2.5 ml of 0.12 p-aminodi:uethylanil-ine sulfaËe in 5-5 M HCI and 0.5 url of

0.23M FeCl^ in ]-.2MHC1 were added in a scre\^r cap test tube and shaken.
3
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After 30 mi4utes, the intensity of methylene blue formed was measured at

670 nm in a Gilford-2400 spectrophotometer.

Determinatíon of Thiosulfate. Thiosulfate was determined according to a

colorimetric procedure as described by sorbo (1957). To a 2.0 ml sample

containing 0.1 to 1.0 umole of thiosulfate, 2.2 mr of. 0.21r l{lI4oH, 0.5ml

of 0.lM KCN were a¿iiled and after mixing 0.3m1 of 0.lM CuCl, was added..

The CuC12 was well mixed with the sample ímmediately after addition. To

the mixture v/as then added 0.5 ml of ferric nitrate reagent (20% w/v

Fe (No")."' 9H.0 in L37" HNo^) and the mixrure was well mixed. After t5JJ ¿ J'

minutes incubation the optical density vüas measured in a Klett-Summerson

colorimeter with a No. 42 blue.filter. A blank reading was obtained by

adding to the sample, first the ferric nitrate reagent follor¡ed by KCN

and CuCl^.
¿

Centrifugations. Low speed centrífugatíons were performed in a Sorvall

superspeed RC-28 auto-refrigerated centrifuge at 4oC. High speed centri-

fugations T¡lere carried out in a Beckman L3-50 refrigerated ultracentrÍfuge

using a 50 Ti or 60 Ti rotor at 4oC.

Identification of Flavin by Thin Layer Chromatography. Thin layer chrom-

atography on conmercially obtained silica gel strips \¡¡as carried out,

essentially as described by Fazekas and Kokai (1971). Flavin was

extracted by boiling the enzyme protein in hot \.rater bath for 2-3 minutes

and removing the denatured protein by cenËrifugation. Extracted flavin

along \,ùith riboflavin, rmtl anà FAD markers \,/as spotted on the silica gel

strips and ascending chromatography was performed using 5Z NarHPo 4.LzH20
as solvent. After chromaÈography flavins were detected under tiV 1ight.

Tdentification and Quantitation of Enzvme Flavin. Enzyme flavin was

exËracted by boiling the enzlrne in water bath and identified by comparing
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the W and visible range spectra to standards of rlbofl-avin, FPD{ and FAD.

For quantitative analysis, an extinction-coefficlent of riboflavin
?-1-1

(10 x 10-M'C* -) at 445 nm in 0.1M Tris-il (pH 7.5) was used.

Polyacrylamíde Gel ElecËrophoresis. Polyacrylamide gel e1-ectrophoresis

under non-dissociating condítions vras performed according to Davis (L964)

Spectrophotometery. Absorption spectrum studies of various preparatíons

were done ¡¡ith the Shimadzu MPS-5OL at room temperature using a ce11 with

I cm light path. A Gilford-z4l} spectrophotometer was al-so frequenËly

used for estimation of color intenslty or protein contents.

Preparation of the Flavin Free Enz)rme. The flavl-n free enzyme \¡/as

prepared by the method of Massey and Curty (1966). An enz)¡me sample (2-3

mg protein) in 2 ml volume was díalyzed against 0.2Ì'f Tris-Cl buffer

containing 1M KBr (pH 2.5 unl-ess l-ndicated otherwÍse) . The buf f er rras

changed. several- times over a period of. 24-36 hours. Durlng this períod

resolution of flavin was monít.ored by loss of yel1-ow color of the enz)rrne

and when no yellow col-or was visibl-e, dialysis bag containing flavin free

enzyme \¡/as removed and further dialyzed in 0.2M Tris-Cl (pH 7,5) to

readjusË the pH and remove KBr from the enzyme protein,

Iulol-ecul-ar I,ieighË DeÈermination. Molecular weight of purÍfÍed enzyme \.ras

determíned by gel- filtration on Sephadex G-100 column using a method

similar to that reported by Andrew (l-964). Sephadex column was standard-

l-zed using proteins from Pharmacia molecul-ar weight estlrnatl.on kit.

Sul-fur-Oxidising Enzyme Assay. Sul-fur oxidation \,¡as assayed by measure-

ment of oxygen consumptfon at 25oC ín a thermostated vessel- equipped with

a Teflon-covered Clark oxygen electrode (a GiJ-son Oxygraph). The reaction

mixture contained, unl-ess indícated otherwise, the folJ-owing in a total

vol-ume of l-.2 ml :
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140 rr moles Tris-Cl (pH 7.5)

0.8 mg suffur (tn the form of suspension in o.o5z T\aeen-8O)

5 ¡.r moles GSH

Enzyme as indicated

The reactíon was started by the addition of GSH. Enzymatic sulfur

oxídation rates were always corrected for endogenous oxrygen uptake rates

an non-enzymattc oxidation rates of GSH and sulfur wlth or without other

cofactors. One unit of.elrzyme was defined as the amounL of enzyme that

consumed 1 n mole 0, Per minute under the standard condj-tions and specific

activity r¿as defined as the units of enzyme per mg protein.

In the case of whole cells, unless otherwise indícated, the reaction

nrixture contained water or 140 rr moles potassium phosphate (pH 5.5), 0.Bmg

sulfur and abouË 3.75ng wet weight cells in total volume of 1.2 mL. Sulfur

oxidation rates of ¡¿hole cells were similar in potassfum phosphate(pH 5.5)

or \rater.

In some experiments

at 30oC in a conventional

Silver (1966).

sulfur oxidation rate \,ras measured manometrically

I,Iarburg apparatus as descrl_bed by Suzuki and

Sulfide and Sulfite Ozidising Enzvme Assay. Sulfide and Sulfite oxidations

were assayed by measuring ox1ygen consumption with an oxygraph as described

in the essay of sulfur-oxydising.,enzyme. In the case of su1fide oxid.ation,

reaction ¡n-ixture contained unless indicated otherwise, the following in a

total volume of 1.2 rnl:

140 ¡r moles Tris-Cl (pH 7.5)

2 er moles NarS

Enzyme as indicated
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In the case of sulfite oxidatÍon, the reaction mixture contained,

unless indicated otherwise, the following in a total volume of 1.2 mL:

140 ¿i moles Tris-el (pH 7.5)

2.0 ¡r moles NarSO,

0.1 ¿¡. mole EDTA

Enzyme as indicated.

The reaction was initiated by addition of sulfide or sulfíte

in mícroliter quantity and enzymatic rates v/ere corrected for endogenous

and non-enzymatic rates as in sulfur oxidation.



RESULTS
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RESULTS

General Physlology of Thiobacillus thiooxldans

The r¿ho1e cells of T. thiooxidans readily oxidised sui-fur, sulfide,

and sul-fite withouÊ any cofactor requirement. Sulfur, sulfide and

sulfite oxidising activities vrere also detected in cell-free abstracËs.

However cell-free extracts required GSH for sulfur oxidatíon and the

optimum pH values for oxidation of these sulfur compounds shifted from

acidic (around 5.5) pH with cells to neutral (around 7.5) Ín case of

ceIl-free extracË. Cytochromes of a, b and c types vrere al-so easily

detectable in the cell-free extracts. Sulfur-oxidising enz)¡rnewas chosen

for detailed study.

Effectíveness of Mild Trypsin Treatment in Solubilizing
the Sulfur-Oxidising Enzyme

Duríng the purífication of sulfur-oxidising enzyme of Thiobacillus

thíooxidans from normal cell-free extracts (extracts prepared without any

treatment of cells before sonication as described in the Material and

Methods sectÍ-on), most of the activity remained in the pellet fraction

after centrifugation of Ëhe extract at 15Or0O0xg. Even the activity

remaining in the supernatant fraction \4ras eluted v¡íthin the void volume

of G-150 sephadex and could not be eluted from a DEAE column at all where

iË appeared to be physically stuck indicating the membranous nature of

the enzyme.

Lysozyme, lipase, glucosidase oE detergenË treatment. of cells or

extracts was unsuccessful in releasing the sul-fur oxidf-sing activity in

the soluble form. However mil-d trypsin treatment of cells before break-

age (as described in Material- and Methods) was found to be very effective

in releasing the suLfur oxidising activity in the solube form. Cell-free
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Table l. Effect of trypsln treatment of cells
on the dist.ribution of sul-fur-oxidising activity

in various fractions of extracts.

aPreparaËion Volume
(tn1)

b_ --Sultur-oxidising Recovery
activiry (unir) (/")

Untreated Cel1s

Ce1ls
Extract

150,000 xg supernatant
precipiËaLe

pH 5 supernatant
precipitate

Trypsin Treated Cells

20
20
1B

5
18

5

20
20
19

5
19

5

86,400
7 ,800
4,680
3,100
3 ,690
1,000

86,40Ô
B,800
8,360

500
7 ,695

650

100
60
40
47
13

150, 000 xg

pH5

Cell-s
ExEract

supernatant.
precipitate
supernatant
precipitate

100
95

5

B7
7

\arious fractions shornm here are described in detail
in Èhe foll-owing section on the enz)¡me purification.

br.rlfr.r.-oxidisíng activity \ùas determined as described
in Material-s and Methods. One unit of enz)¡rne r^ras
defined as the amounË of enz5me that consurned l. nmol_e
0, per minut.e under the standard condiLions.
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extracts prepared by this method were clearer and pale yellowish in

appearance compared to extracts without this treatment. Distríbutíon of

Ëhe Sulfur Oxidising activity in various fractions of normal and trypsin

treated cel1 extracts is shown in Table 1. Since the Ërypsin treatment

increased the degree of solubil-ization of the errzyme activity and improved

the recovery of the enzyme during purificatíon, thís method was used for

the standard purification of the sulfur-oxídising errzpe.

Purification of Sulfur-Oxidísing Enz)'rne

The following steps \¡/ere routinely used in

sulfur-oxídisíng enzyme of T. thiooxidans. Al1

out arouna 4oc.'

1. Cell-free extract. Cell-free extracts for

rhe

the

purifícation of

steps were carried

this purification were

always prepared by treating cells with trypsin as described in Materials

and Methods.

2. 150,000x9 centrifugation. Cell-free extracts (80-100 rn1- pH 7.5)

hTere centrifuged aË l-50r000xg for two hours and the supernatant r^ras

carefully removed \,/ith a syringe v¡ithout disturbing the pellet.

3. Acidic treatment. The 150,000xg supernatant fluid was ad.justed to

pH 5'0 by dropwise addition of IM acetic acid and precipitated proteins

were removed by centrifugation at 20r000xg f.or 20 minutes. The

resultanÈ supernatant. vras adjusted back to pH 7 .5 with 2 M tris-base

solution.

4. DEAE cellulose column chromatography I. The bright yell-orv transparent

supernatant Tluid \^ras no\¡/ applied to a 2.5 x 15 cm DEAE cellulose column

equilibrated with 0.05M Tris-Cl (pH 7.5) buffer using 20-25 ml I hour

elution rate. Light ye11ow fluid devold of sulfur oxidising activity

and showing the spectrum of Cytochrone C-552passed through the column
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unadsorbed and a brownish yellow band coul-d be seen adsorbed to DEAE

column at the top. The column \^ras washed with 200 ml of 0.tM Trís-Cl

(pH 7.5) followed by 2OO ml of 0.15M Trís-Cl (PH 7.5). Fractíons

collected had no sulfur oxidising activity. Finally the brov¡nishyellow

band was eluted with 0.3M Tris-Cl (pH 7.5) as a singlebandandcollected

in B-10 ml volume. MosË of the activíty applied to the column was found

in this fraction.
T . The DEAE-cellulose eluate

r,las passed through G-100 sephadex column (2.5 x 55 cm) equilibrated with

50 ÌnM Tris-Cl buffer (pH 7.5) using the same buffer for elution. Fbactions

of 3.4 ml were collected and examined for activity. All the fractions

showing activity were pool-ed together. Elution rate of the sephadex

column was found to be very critical in recovery of the active enz)rme.

Inlith veryrs-lroü-dlütfón rate (less than 3-{ ml/hour) there was considerable

decrease in specific activity of sephadex purified enzyme along with the

decrease of intensiËy of Lhe yel1ow color. To avoid the loss of activíty

during this step a fast flow rate (12-15 ml/hour) was routinely used.

6. DEAE-cellulose column chromatography II. All the active fractions

from step 5 were pooled together and subj ected to DEAE-cellul-ose column

chromatography as described in step 4.

7. Sephadex G-100 col-umn chromatography II. The enzyme eluted from

DEAE-cellulose column at step 6 was once more passed through a sephadex

G-100 column (2.5 x 55 cm) as l-n step 5 and active fractions \dere pooled

together and concentrated by a DEAE-cellulose col-umn as in step 4. This

concentrated enzyme Þras used as the purified enzyme. Results of a typical

purification procedure are shor,¡n in Table 2 and Figures l and 2.
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Fig. l. Sephadex c-100 I Elution Profile.

Sephadex G-100 column chromatography I was carried out

as described in Results section. Fractions \¡/ere collected in

3.4 rnl voh¡me and activiËy was assayed as outlined in Materials

and Methods using 0.5 m1 of each fraction.
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Fig. 2. Sephadex c-100 II Elurion Profile.

Sephadex G-100 coh-mn chromatography IT was carried out

as described in Results section. Fractions vrere collected in

3.4 ml volume and activity was rneasured as described in Materíals

and l"lethods using 0.5 m1 of each fraction.
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characteristics of the Purified s.tlfrrr-o*idisittg Enzyre

Molecular irleight. A molecular røeight of 40,000 t 57" was estimated for

the purified enzyme by ge1 filtration on sephadex G-100 (Figure 3. ) as

descríbed in Materials and Methods sectÍon.

AbsorptÍon spectrum. The purífied enzyme showed absorption maxima. around

272, 4L0, 448nm and a shoulder at 478nrn. Upon reduction r¿ith sodium

dithionite, an absorption maximum around 448nm and a shoulder at 478 nm r;r

dÍsappeared and absorption of 410 nm vras dimínished to some extent

(Figure 4. ).

Iron and labíle sulfide content. Iron and labile sulfide contents of

enzyme v¡ere determined as described in Materials and Methods. The results

of the determinations are shown in Table 3. Considering the molecular

weight of the enzyme as 40,000, non-heme iron, labile sulfide and protein

were found to be in the molar ratio of 1:1:1 respecÈively.

Purity of Sulfur-Oxidising Enzvme. Disc polyacrylamide gel electrophor-

esís under non-dissociating conditions revealed one major and a minor band.

From the ínËensity of the bands, the enzyme was considered to be almost

hornogenous.

Enzyne Storage and Stability. Enzyme could be stored. at -2OoC or 4oC for

several r¡eeks wíthout loss of any activlty. Repeated freezing and thawing

resulted in considerable loss of activity. Boiling the enzyme for I minute

resulted in the loss of 95% activity and remainíng 5% activity was probably

due to chemical reaction of free flavln with sulfur and GSH.

Substrate Specificitv of the Enzyme. The purified enzyme only oxidised

sulfur in the presence of catalytic anounts of glutathione and did not



Fíg. 3. Molecular l,'leight Estimation of Sulfur-
OxidisÍng Enzyme by Sephadex G-100

in 50mM Tris-Cl, pH 7.5.

The marker proteins used were bovine serum albumin

(nol. wt. 68, 000), Ovalbumin (mo1. wt. 45, 000), chymotrypsinogen-

A (mol. vrt. 25, 000) and horse heart cyrochrome C (mol. wt. 72400).
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Fig. 4. Oxidised and oxidised-reduced difference
specLra of sulfur-oxidising enzyme

in 0.2M Tris-Cf (pH 7.5).

aandb - oxídised

(0.5 rng and 1.5 mg enz)rme protein was used
respectively)

c - oxÍdised - dithionite reduced

(2.4 mg protein was used)
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have any sulfide, sulfite or thiosulfate oxidisÍng activity.

Identification of Flavin Component
of Sulfur-Oxidising Enzyme

I'lavin component of purified enzyme was identified as riboflavín

by spectrophotometry and thin layer chromatography as descríbed ín

Materials and Methods.

Spectrophotometric analvsis. Spectra of native enzyme flavin, extracted

flavin (flavin \,üas extracted from the enzyme protein by boiling the

protein in water bath for 2-3 minutes and separating the deriatur:ed

protein by centrifugation) and riboflavin are shown ín Figure 5.

Extracted flavin showed a spectrum very similar to riboflavin spectrum

r¡ith absorption maxima arowd 266, 370,445nm and a shoulder around 475nm.

AbsorpÈion at 266nm by extracted flavin vùas much higher than that

expected from the quantity of flavin used for analysis indicating

presence of some nucleotides (identified as AMP by thin layer chrometography

as described below). In the case of, native enzyme there was 2-3nm

shift of absorption peak- around 445nm and 475nm shoulder towards

longer wavelength possibly caused by binding of flavin to the protein.

Identification of Flavín by Thin laver Chromatography. Thin layer chroma-

tography was performed as described in lrlaterials and Methods. Extracted

flavin sample (prepared by boiling the enzyme protein in water bath for

2-3 rninutes and separating the protein by centrifugation) was spotted on

a silica gel strip along with standards riboflavin, r}1N, FAD, AMp and

ADP. The results of the chromatography are shown in figure 6. FlavinLr

from enzyme \,/as identified as Riboflavin, but the enzyme extract contained

another U.V. absorbing component identifted as AMP



Fig. 5. Absorption specËra of riboflavin and
extracted flavin in 0.2M Tris-Cf (pH 7.5).

a - riboflavin (20 uM)

b - extracted flavin

c - riboflavin (10 uM)

Flavin was extracted from 0.6 rng naÈive enz)¡me protein

as described in Materials and Methods.
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Fig. 6. Identification of flavin component of
Sulfur-ûxidising Enzyme by thín layer

Chromatography.

chromatography was done as described in raterials and

Methods. Rf values of the u.v. absorbing spoÈs are also shown

on the figure.
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Requirement of FlavÍn for

AMP,

for

f^/ere

I.

II.

Since the purified sulfur-oxidising enzyme

further studies were done to determine the

sulfur oxidation by this enzyme. Basically

contained riboflavin and

requirement of Flavin

following three approches

taken:

Effect of removal of Flavin on the activíty of sulfur-oxidising

enzyme,

Effect of Flavins on the activity of Fravin-free sulfur-oxidising

enzyme,

III. reconstitution of Flavin-free enzyme.

enzyme. Purified enzyme was dialyzed in 1 riù aliquots (r.5 mg protein)

for differenr rime periods againsr 0.2M Tris-cl (pH 7.5) for 5-6

hours with 2-3 changes of the buffer. Enzyme activity was assayed and

iron, sulfide and flavin contents were determined as described in
Materials and Methods. Results of this study are shown Ín Tabre 4.

rI' Effect of flavins and nucleotides on the activity of the fLavin-
free sulfur-oxidising enzyme. The purified surfur-oxidising enzyme

(3.2mg protein) was dialyzed in 2mÌ volume against 0.2MTris_c1 containing

1MKBr buffer (pH 2.5) for 2h hours. Then KBr was removed frorn the

enzyme sample by dialyzing it against O.2M Tris-CI pH 7.5 for 6 hours with
3 changes of this buffer. Denatured protein Lras removed by centrifugation.
The colorless enzyme obtained after this treatment was found to be

devoÍd of flavin and sulfur-oxidising activity. The effect of various

r. Effect of removal of Flavin on the activity of surfur-oxidisin



3B

Table 4. Effect of
on the activity

t'emoval of flavin by dialysis,
of sulfur-oxidising enz)rme.

Díalysis time
(hour)

Actívity
("/")

Flavín
("/")

Iron
(%)

Sulfíde
(%)

0

L2

1B

24

100

BB

55

40

100

62

46

38

r00

r00

100

r00

noE

not

100

r00

determined

determined

Purified enzJrme was dialyzed in 1 rnl (1.5 mg Protein) alÍ,guots

for different time periods as indicated againsr 0.2:M Tris*Cl (pH 7.5)

containing lM IGr and activity was assayed as outlined in Materials and

Methods. About 150 ug errz)rme protein \das used per assay. Flavin, iron

and sulfide contents were determined as described in Materials and

Methods.
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flavins and nucleotídes on the sulfur-oxídising activity of this flavin-

free enz¡rme vras studíed.

Flavins and nucleotides did noÈ have any effect on the sulfur-

oxídising activity of the erizyme without íncubaËíon of the enzyme with

flavíns for a minimum period of % hour before assay. Incubation of flavins

and enzyme in Trís-Cl (pH 7.5) did not stímulate the actívity to any con-

síderable extent. However incubation of the enzyme with FMN or riboflavin

in Ëhe presence of a phosphate buffer (pH 7.5) was found to be very

effective in restoring the activity of flavin-free inactive sulfur-

oxidising enz)rme. AMP had sËimulatory effect on the activity of the

enz)¡me incubaËed with riboflavin but not with FMIrI . Normally incubaÉion

of the enz)ãne \^rith flavins was done for 18 hours in t.he presence of 0.1 M

phosphate ions at pH 7.5. The results of this study are shown in Table 5.

III. Reconstitution of the ínactive flavin-free sulfur-oxidising enzyme

with riboflavin and AMP. As purif ied sul-fur oxídising enz)rme r¡ras

found to have riboflavin and AMP componenÈs, an attempt was made to

reconsËitute the flavin and nucleotide-free enzyme with riboflavin and

AlfP. The flavin-free enzyme preparation (obtained as described in II

above) was incubaLed for lB hours in 2 nl volume (.\,1 ng protein) with

50 nmoles of riboflavin and. 100 nmoles of AMP in 0.1 M phosphate buffer

(pH 7.5). This preparation was applied Ëo DEAE-cellulose column (1.0 x

3.0 crn) and unbound flavln and AMP were eluted by washing the coluurn with

0.1 M Tris-Cl (pH 7.5) and sulfur-oxidising enzyme was finall-y eI-uted

wtth 0.3 M Tris-Cl (pH 7.5).

The sulfur-oxidising activity and flavín content of rhis 0.3 M

Tris-Cl DEAE eluate was examined and results of this study are shov¡n

in Table 6 and Figure 7.
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Fig. 7. Absorption spectra of flavÍn free and
reconstituted sulfur-oxidlsing enzyme in

0.1M potassium phosphate (pH 7.5).

a - riboflavin (30 uU¡

b - flavin free enz)ãne * riboflavin * AMP (0.5 mg enz)rme
protein was incubated with 25 nmoles of riboflavin,
50 runoles of AMP and 100 umoles of potassium phosphate
(pH 7.5) in 1 n1 volume, for 18 hours)

c - reconstituted enz)¡me
(reconstitution was carried out as described in Results
section and 0.3 -g of reconstituted enz)rme protein was
used)

d - flavin free enz)¡me
(0.5 ng proËein \,ras used)
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General Properties of Sulfur-OxidisÍng Enzyme

DEAE cillulose I level purified enzyme r¿as used to study general

properties of the sulfur-oxidising enzyme. The enzyme showed maximum

activíty between pH 7.5 and 7.6 with sharp decrease of activity

below pll 7.0 or above 8.0 (figure 11). Activity was routinely assayed

at pH 7.5. Effect of protein concentration on the actíviËy is shown

in figure B.

0n the basis of the lineweaver-Burk plot of the reaction

velocity versus the concentration of sulfur (figure 9), the apparent

K_ of sulfur r,Jas calculated to be 5.7mM and from a símilar study
m

with GSH (figure l0), the apparent K, of GSH was determlned to be 2mM.

Enzyme produced thiosulfate in 1:1 ratio \.iith 0? (table 7).



Fig. 8. Effect of protein concentrations on
sulfur-oxidising activiËy of the enz)¡me.

Sulfur-oxidising activity r¡ras measured as described in

lfaterials and Methods. DEAE-cellulose I level purified enz)¡me

r¿as used in this study with varíed protein concentration as

indicated.
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Fig. 9

Actiyity was

lvlethods using 100 ug

umoles GSH and varied

Effect of sulfur concentratíon on sulfur-
oxidising acËivíty of the enzyine.

assayed as descríbed in Materials and

of DEAE-cellulose I purified enzyme, 5

concentration of sulfur as indicated.
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Fig. 10. Effect of GSH concentration on sulfur-
oxidising activity of the enzpe.

Activity was measu.red as descrl-bed in ÌIaterials and

Methods using 100 ug of DEAE-I purified enz)¡me, 0.8 mg sulfur

and varied amount of GSH as índicated.
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Fig. 11. Effect of pH on the sulfur-
oxidising activity of the enzyme.

Activity was determined as.descríbed in Materials and

Methods. Reaction mixture contained the following, in total

volume of 1.2 mL: 140 r:mo1es Tris-Cl , 0.8 mg sulfur, 5.0 umoles

GSH, and 100 ug DEAE-cellu1ose I purified enzyme protein.

The pH of Tris-Cl buffer was varied as indicated.
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Table 7. Relationship of oxygen consumption to
thíosulfate formation during

sulfur oxidation.

)_Preparation Incubation OZ SZ0ã

time (min) (umoles) (umoles)

Ce1l 'free extract 100 7.7 7.7

DEAn-cellulose
purified enz)rme

225 9.7 7.0

0, consumption \^7as measured manometrically at 30oC in Inlarburg

apparatus. Reactíon mixture contained in a total volume of 3.2 ml_:

600 umoles Tris-Cl (pH 7.5), 48 mg sulfur, 3.3 mg catalase, 0.4 umole

21 2t dipyridyl ,5 unoles GSH, enz)rme (7 rng cell free extract or 3 mg

DEAE purified enzyme protein) and r¡rater. The reaction was stopped by

adding 0.1 rnl of 1.0M cadmium acetate solution and thiosulfate was

determined as described ín Materials and Methods.



DISCUSSION



50

DISCUSSION

Sulfur metabolisrn of Thiobacillus thiooxidans was studied by

measuring the o¡y-gsn uptake during sulfur oxidation using a clark

oxygen electrode attached to a Gilson oxygraph. This assay method

r¿as found to be very conveníent, rapid and reliable, with the added

advantage that it had a much higher sensitívÍty compared to the

conventional Lrlarburg method. rn the past, studies have been carried

ouË vri'th intact cerls, cell-free extracts and partially purified

enzyme preparations. To understand the exact nature and the products

of the intermediate steps of sulfur metabolism, it is almost imperative

that individual enzymes should be purifíed and characterízed. In this :

present study, although intact cells and cell-free extracts r¡rere given

some consideration, most emphasis was placed on purificatíon and

characterLzatíon of the sulfur-oxidising enzyme.

Active ce1l-free extracts \¡/ere prepared by aerobic sonication

of whole cerls. sulfur oxidation by the extracts exhibited an

absolute requirement for thiol or sulfhydryl groups. The requirement for

thiol grorlps could be met by GSH but not by mercaptoethand-l or

cysteíne, in agreement with the findings of suzukf (1965) and Lukow

(L977). According to Kodama and Mori (f968), sonicatíon under a

nitrogen atmosphere $ras essential for the preparatlon of an active

sulfur-oxidising system due to its labile nature under o)<ygen. rt

should be mentioned that their cell-free sulfur-oxidising system did not

require any addition of thiol groups for sulfur oxidatíon. The

fact that its sulfur oxidation \.ùas ínhibired by Lhiot binding agents,

indicates Lthat indigenous thiol groups were however, present in their

preparatíon. Probably, native or indigenous surfhydryl groups are

very labile and are easily destroyed during aeroblc sonicatíon of the
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cel1s thus necessitating the addition of sulfhydryl groups in the

form of GSH for sulfur oxidation. Polysulfide formed by the ínteraction

of GSH and sulfur has been shown to be the actual substrate for

sulfur-oxidising enzyme (suzuki, 1965). since intact cells oxidise

sulfur without the addítion of GSH, these must possess thiol groups

to form polysulfide with sulfur. Recently Takakr¡¡a et al (Lgjg)

have shown that cell surface has thiol groups on it and these are

reqùired for sulfur-cell adhesion process and sulfur oxidation ì=: rErom

these findings it seems thaË sulfhydryl groups on the cel1 surface,,

attack sulfur and form polysulfide which is then oxidised by the

sulfur-oxidising enzyme as proposed by Suzuki (1965).

During the purification of sulfur-oxidisíng enzyme, a problem

was faced j-n that the most of the activity remained in particulate

fractions of cell free extract. Adair (1966), Taylor (1968) and

Lukow (L977) have also reported similar findings. A mild trearment

of cells with trypsin prior to sonication was found to be very effective

in releasing the sulfur-oxidising activity into soluble fractions.

some workers have reported. that r.thiooxidans cel-r wa1l lacks a

typical peptidoglycan layer and is mosËly composed of protein

(Noguchi eta1., L977; Marunouchi and Mori, 1968). Probably, protein

layers of cell wall, make cells resistant to breatiage and a mild trypsin

treatment dÍsintegrates the protein layers, making the cells vulnerable

to sonication. SonicaËÍon enhances the release of sulfur-oxidising

enzyme from partially disintegrated cell envelope. rtts interesting

to note that Suzuki (1965) was able to get most of the activity in

the soluble fractions of cell free extTact, by treating the cells r^ríth

ion exchange resins prior to sonication. rt is possible that such a
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deionization Lreatment made the outer protein layer of cel1s more

susceptible to disintegration upon sonication.

Sulfur-oxidising enzyme was purified to almost electrophoretic

honogeneíty. It was estimated that the enzyme constituted 2-3% of.

the total cell protein. Molecular weight of the purified enzyme \^7as

determined to be 40,000 1 Z,OOO by gel filrration. The enzyme had a

bright yellow color and its spectrum shor¡ed absorption maxima around

272, 4L0, 448nm and a shoulder at 478nm. Enzyme oxídised sulfur with GSH

and was devoid of sulfide, thiosulfaLe or sulfite-oxidising activlÈy.

The apparent k values of sulfur and GSH were found to be 5;7mM and
m

2mM respectively. Sirnilar k* value for GSH has been reported by

Suzuki (1965). The optimum pH for activity vras betr¡reen 7.5 and 7.6.

Thiosulfate \,ras determined to be the reaction product of thÍs enzyme.

Thiosulfate formed and oxygen consumed r¡ere foünd to be in 1.:l ratio in

agreement with the characteristics of the purified enzyme of Suzuki

and Silver (1966).

The enzyme vlas found to be a non-heme iron flavoprotein, containing

non-heme íron, labile sulfide, flavin and protein in 1.1.1.1 ratio.

Extracted flavin shor¿ed a spectrum sir¡rllar to FMN and riboflavin with

absorption maxima around 264,365,445nm, and a shoulder at 475nm. In

the case of the native enzyme absorption maxima around 448nm and

47Bnrn were shifted by 3-5nm towards longer wavelength. Flavin componenË

of the enzyme \^ras tentatively identified as riboflavin by thin layer

chromatography. AMP was also found in the enzyme extract. Flavin seemed

to be very loosely associated v¡ith the enzyme. Passage of the enzyme

through sephadex columns with slov¡ elution rates resulted in the loss of

the yellow color, absorpÈion around 448nm and activiEy. This probiLem was
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elininated by using fast elution rates.

Takakuwa (1975b) also reported a flavoprotein contáÍning non-heme

iron and showing an absorption shoulder around 485nm, as a component

of hís sulfur-oxidisíng system. suzukíts (1965) enzyme preparation

also had non-heme iron and labiIe sulfíde. Evidence for the parLicipation

of non-heme iron ín sulfur oxidation was províded by these workers

(suzuki, 1965; Takakuwa, 1975b). Al-rhough Takakuwa (1975b) reporred

the spectrum of the component of hls sulfur-oxidising system, flavin

\,ras not identified and no evidence vras given for the requÍ-rement or

partícipation of any flavin in sulfur oxidation. In the present study,

noË only flavin was identified as riboflavin, an attempl v¡as also made

to establish iLs requirement for sulfur oxidation. The removal of

flavin from the enzyme by dialysis resulted in corresponding loss of the

sul-fur-oxidising activity, which could be restored after incubation of

proteín for half an hour or more with FM{ or ríboflavin. A Tris-cl

buffer (pH 7.5) was not very effective in restoring the catalytic

activity especially ín the case of riboflavin. rn a phosphate buffer

(pH 7.5) however, a signifícant amount of activity rras resLored with

both riboflavin and rMN. A-!lP buÈ not ADP or ATp further increased

the riboflavin-stimulated activity of the enzyme. The stimulatory

ef,fect of Al"lP on the sulfurioxidising enzyme activity was also reported

by Suzuki (1965). Addition of flavins to the native enzyme resulted

in a considerable inhibition of the activity. Probably an excess flavin

l-nterfered in the action of the enzyme. This also explains why some

workers found flavins as inhibitory to sulfur oxidatíon (Suzuki, 1965;

Taylor, 1968; Vogler etal, L942).

To provÍde further evidence for the participatÍon of flavin in

sulfur oxidation, a flavin containing active enzyme Ì¡as reconstituted
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from a flavin-free inactive enzyme and riboflavin plus Al'lP and was

isolated free of excess flavin and AMP by DEAE-cellulose chromatography.

Riboflavin bound to the reconstltuted enzyme was estimated to be

about 907" of. its original flavin content, with reappearance of correspondíng

catalytic actívity. The spectrum of reconstituted enzyme r,ras very similar

to that of the native enzyme except a shoulder at 475nm instead of 478nm

on thus resembling a f.ree flavin spectrum rather than thaL of native enzyme

flavin. The resull *"" indicate that in reconstituted enzyme, the flavin

bindíng to protein \^ras not exactly the same as in the native enzyme.

From this study, it appears that both riboflavin and FMN can

ínteract wíth the enzyme proteín to generate the catalytic activity, 
-

although riboflavin is found in the natj-ve,renzyme. Massey and Curtí

(Lg66) have proposed that the flavin interaction with a protein leads

to a change of protein conformation whích ís followed by appearance of

the caÈalytic activity. rn this study, the interaction seems to be

a slow process and phosphate ions probably enhance or stabilize the

change in the protein conformation. Similar conditions have been reported

for reconstitution of lipoamide dehydrogenase froin,,the apoprotein and

FAD (Visser and Veeger, 1970).

rn conclusion, the sulfur-oxidising enzyme of T. thíooxidans hTas

found to be a flavoprotein containing non-heme iron and labite sulfíde.

although riboflawin r¡/as the true component of the native enzyme, FMN

could also ínteract with the enzyme protein to give it catàlytic

activity. AlvfP ¡¡as also found associated r"¡ith the purified enzyme and had

a stimulatory effect on the catalytic activity of the riboflavin-

reconstituted enzyme. I have presented the evÍdence for the flavin

participation in sulfur oxidation but the exact mechanism of sulfur



oxidation involving

further research in

of sulfur metabolism

flavin remains to be elucidated.

this area would add significantly

of T. thiooxidans.

55

It is haped that

Lo our knowledge
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