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Abstract

In the obligate chemolithoautotroph Acidithiobacillus thiooxidnns (formerly

Thiobacillus thiooxídans) strain ATCC 8085, two different responses were observed in

the presence of chemical compounds known to collapse Ap (uncouplers, permeant anions,

weak organic acids). In the presence of these compounds, endogenous respiration rate

(endogenous substrate(s) oxidation) was stimulated (measured by oxygen consumption

and exogenous ferric iron reduction) but sulfite oxidation rate was inhibited (measured by

oxygen consumption). The latter is the primary energy generating step via the electron

transport chain. Results suggested that a normal, controlled respiratory system, similar to

the mitochondrial electron transport system or that of heterotrophic bacteria, may be in

operation for endogenous respiration. In such systems, the collapse of Ap leads to the

uncoupling of oxidation from phosphorylation with the oxidative component operating

unhindered at its maximal rate. W'hereas for sulfite oxidation, Âp maintenance is

essential. In the latter case, the coupling of substrate oxidation to reducing power

generation for COz fixation, via an energy requiring reversed electron transport, may be

speculated. Additionally, an energy requiring step in the substrate oxidation pathway

itself has been suggested for other autotrophs and may also be relevant to these

observations.

Exogenous ferric iron reduction (ferrous iron formation) by endogenous

substrate(s) oxidation was unexpected, since the bacterium does not oxidize ferrous iron.

The coupling of endogenous respiration to exogenous ferric iron reduction was not

complete, even in the presence of cyanide or when incubated anaerobically. Cell
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concentration influenced exogenous ferric iron reduction. Exogenous ferric iron reduction

by 5, 10, and20 mgknl- cell concentrations followed normal Michaelis-Menten kinetics

with respect to ferric iron concentration, while 40 and 80 mg/ml cell concentrations

showed kinetics often associated with cooperativity or allosterism. Reduction of

endogenous ferric iron by endogenous respiration was also observed. The coupling of

exogenous substrate oxidation (sulfur, thiosulfate, formate) to exogenous ferric iron

reduction was apparent aerobically and anaerobically. Ferric iron reduction by the

bacterium may represent an inherent physiology of the bacterium to respire anaerobically,

or possibly as a means of activating inert elemental sulfur, a preferred growth substrate

for the bacterium.
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Introduction

Acidithíobacillus thiooxidans (formerly Thiobacillus thiooxidans) is an aerobic,

obligate chemolithoautotroph that obtains energy and reducing power necessary for

growth from the oxidation of reduced inorganic sulfur compounds. The bacterium has

played a pivotal role in the elucidation of the sulfur oxidation scheme. In the bacterium,

the primary energy generating step is the oxidation of sulfite to sulfate via a membrane

associated sulfite oxidoreductase which utilizes c-type cytochrome as the electron

acceptor. The electrons are subsequently released into a cytochrome populated electron

transport chain. Little, however, is known about the role of the proton motive force (Ap =

ÂY - 59ÂpH) in controlling sulfite oxidation by the bacterium. As a result, an

investigation was undertaken to examine the control of sulfite oxidation, with respect to

Lp,by using chemical compounds known to collapse this parameter. Chemicals tested

include uncouplers, permeant anions, weak organic acids, and typical inhibitors of the

electron transport chain. Additionally, the control of endogenous respiration was also

examined as an alternate to exogenous substrate oxidation. Both endogenous respiration

and sulfite oxidation were examined by oxygen consumption studies using a Clarke

oxygen electrode and a Gilson oxygraph. Endogenous respiration was also examined by

coupling to exogenous ferric iron reduction.

Ferric iron reduction byA. thiooxídnns was unexpected since the bacterium does

not oxidize ferrous iron. Thus ferric iron reduction by the bacterium presented an

additional avenue for exploration.
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General properties of the bacterium

They-Proteobacteríum Acidithíobacillus thíooxidan^s (formerly Thíobacíllus

thiooxidans) (Kelly and Wood,2000) is ær aerobic, Gram negative, rod shaped, motile,

obligate chemolithoautotroph. Originally isolated from a compost of soil, sulfur, and rock

phosphate (Waksman and Joffe, 1922), the bacterium is also distinguished by its ability

to withstand extreme acid conditions (acidophile: growth optimum pH I - 3.5) and the

ability to oxidize reduced inorganic sulfrr compounds to sulfate to generate energy

(ATP) and reducing power (NADG)FÐ required for growth and COz fixation. A.

thiooxidans grows optimally at28-30oC thus the bacterium is also classified as a

mesophile. Standard taxanomical methods such as DNA analysis (Jackson et a1.,1968;

Harrison, 1982) and fatty acid profile (Levin et al.,l97l) have been reported. Most

importærtly, the bacterium has served as one of the central microorganisms in the

elucidation of the sulfi.r oxidation scheme (Suzuki 1974;1999).

Sulfur oxidation scheme

The main pathway for the biological oxidation of reduced inorganic sulfi.u

compounds is as follows (see Suzuki, 7999 for review) :

So S-SO¡2- € -O¡S-S-S-SO:-

\^
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The pathway is initiated with the oxidation of sulfide (S2) to elemental sulfur (S) with

sulfide oxidase catalyzingthe initial step (H2S + Yz Oz---+ S + HzO). Subsequently,

elemental sulfur is oxidized to sulfite (SO¡'-) with the sulfi.r-oxidizingenzyme governing

the reaction (S + 02 + HzO -* HzSOs). In the presence of .ð/-ethylmaleimide (NEM), a

sulftrydryl-binding inhibitor, sulfur oxidation is inhibited. The accumulating sulfur may

condense non-enzymatically to form solid elemental sulfi.lr (So), which assumes a stable

sulfur octet (Ss) configuration. In cell-free systems, the sulfur-oxidizíngenzyme requires

a cofactor such as reduced glutathione (GSH) in catalytic amounts for the oxidation of

solid elemental sulfur. GSH is suggested to carry out a nucleophilic attack on the sulfrir

octet to produce a linear glutathione polysulfide chain (GS-S,) that is readily oxidized by

a cell-free system to sulfite and glutathione polysulfide with a reduced sulfur chain length

(GS-S"-r) in a reactioncataïyzedby the sulfur-oxidizingenzyme (Suzuki 1965; t999).

The role of GSH, aside from opening up the sulfur octet, is to maintain the terminal sulfur

atom of glutathione polysulfide in the oxidation state of sulfide for enzymaticoxidation.

The final step in the oxidation scheme is the main energy generating step and involves

the oxidation of sulfite to sulfate 1SO+2-) (HzSO¡ + %Oz- SO¿2-+ 2IÍ + 2e-). The

oxidation may proceed via two different mechanisms governed by two different enzyme

systems.

Sulfite may be oxidized to sulfate with a concomitant reduction of c-type

cytochrome by sulfite oxidoreductase. The reduced cytochrome is oxidized with

molecular oxygen by a cytochrome oxidase in the electron transport chain :

SO¡2- + 2 Cyrc Fe3* + H2O -+ SOa,z- + 2 Cyt c Fez* + 2Il

2 Cyt c Fe2* + % 02 + ZLl --- 2 Cytc Fe3* + H2O
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The membrane bound sulfite oxidoreductase has been shown to be present in A.

thiooxidans (Nakamuraet a1.,1995). InAcidithiobacíllusfercooxidans (formerly

Thiobacillus ferrooxidans), c-type cytochrome is replaced by Fe3* (Sugio et al., 1992).

Alternatively, sulfite may be oxidized by the adenosine phosphosulfate (APS)

reductase pathway. In the APS reductase pathway, APS is formed from sulfite and

adenosinemonophosphate (AMP) by APS reductase. Next, APS is converted to adenosine

diphosphate (ADP) and sulfate in a substrate level phosphorylation reacti on catalyzedby

ADP sulfurylase. From the generated ADP molecules, ATP is produced in reactions

catalyzedby adenylate kinase :

2So32-+ 2AMP ---r 2APS + 4e-

2APS * 2P¡ ---+ 2SO¿2-+ 2ADP

ZADP --+ ATP + AMP

APS reductase pathway has not been identified ín A. thíooxidans but it is present in other

thiobacilli.

kr the presence of 2-n-heptyl-4-hydroxyquinoline.ð/-oxide (HQNO), a strong

inhibitor of the elechon transport chain, sulfite oxidation via the sulfite oxidoreductase is

inhibited. In tum, the accumulating sulfite may non-enzym,atically condense with free

elemental sulfur to form thiosulfate (SzO:2-). Thiosulfate metabolism may follow two

different routes as well. Thiosulfate may be oxidized to tetrathionate (SaO62-) by

thiosulfate oxidase (2SzOl- + % 02 + 2I{ - S¿Oo2- + H2O) or undergo decomposition to

form elemental sulfur and sulfite by rhodanese (thiosulfate cleaving enzyme; sulfur

transferase) (SzOs2- + 2Ii.2O +* So + II2SO3 + 2OH). Elemental sulfur and sulfite'

produced from thiosulfate decomposition may re-enter the main sulfur oxidation scheme.
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Tetrathionate hydrolysis, via tetrathionate hydrolase has also been proposed and it

generates thiosulfate, sulfi.r, and sulfate as the end products (S¿Oo2- + HzO --+ $2Q32- + So

+ SO¿2- + 2I{).In A. thiooxídans at pH 5, thiosulfate cleavage to sulfur and sulfite was

shown to occur, whereas at pH 3, thiosulfate oxidation and subsequent hydrolysis was

shown to prevail (Masau et a1.,2001).

Sulfïte oxidoreductase

Sulfite oxidoreductases are considered to be molybdenum containing enzymes that

catalyze the oxidation of sulfite with the transfer of electrons to c-type cytochrome or

other electron acceptors (ie. Fe3*¡ (Suzuki,1994;Kappler and Dahl, 2001.)

So¡2- + 2 Cytc Fe3*+ HzO ' Soa2-+ 2 Cyr cFez* + 2t{

In general, the enzyme is responsible for the oxidation of sulfite to sulfate and the

subsequent release of electrons to the electron transport chain (Suzuki, 1975; Yamanaka,

1981; Suzuki, 1994). The enzyme has been purified from several different thiobacilli

including Starkeya novella (formerly Thiobacillus novellus) (Charles and Suzuki, t966;

Yamanaka et a1.,1981; Toghrol and Southerland, 1983; Kappler et a1.,2000),

Thiobacillus thioparus (Lync and Suzuki, 1970), Paracoccus versutus (formerly

Thiobøcillus versutus) (Lu and Kelly, 1984), Acidiphilium acídophilum (formerly

Thiobacillus acidophilus) (de Jong et a1.,2000) and A. ferrooxidans (Vestal and

Lundgren, lg7l).In the aforementioned organisms, the enzpe has been purified from

the soluble fraction of cell free extracts suggesting cytoplasmic or periplasmic location

(Kappler and Dahl, 2001).In conhast, the sulfite oxidoreductase purified from A.



thiooxidans was isolated from the membrane fraction of cell free extracts (Nakamura el

a|.,1995).

The sulfite oxidoreductase purified by Nakamvra et al. (1995) required a detergent

to be solubilized (n-Heptyl-p-D-thioglucoside) and also to prevent the loss of activity and

aggregation once solubílized (Triton X-100). The enzyme had a molecular weight of 400

kDa and wÍrs composed of three different subunits (M:74,70, and 62 kDa). The

purified enzymeexhibited high specificity for sulfite as an electron donor and both c-type

cytochrome and ferricyanide as electron acceptors. The purified enzyme did not use

oxygen as an electron acceptor. The Kn.' for sulfite was 1.95 mM and the enzyme was

inhibited by sulftrydryl-binding agents. No prosthetic groups were described for this

enzyme, and the near neutral pH optimum of 7.5 suggests a location on the cytoplasmic

face of the plasma membrane. It is worth mentioning that the sulfite oxidoreductase of A.

thiooxidans posses a higher molecular mass and more complex subunit structures than the

enq¡mes purified from the soluble fraction of cell free extracts. For comparison, an

enzyme also involved in sulfite oxidation and also purified from the membrane fraction,

however in A.ferrooxidans and possessing Fe3* as an electron acceptor, has an equally

large molecular weight of 650 kDa and two different subunits (M,:61 and 59 kDa)

(Sugio et a1.,1992).

Cytochromes in l. thíooxídans

Earlier studies on the effects of inhibitors showed that sulfur oxidation byl.

thíooxidans was clearly inhibited by low concentrations of cyanide, azide, and carbon

monoxide (Vogler et al., L942). All of these are well known inhibitors of the cytochrome
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system. The sensitivity to these inhibitors and additionally the aerobic nature of the entire

process led to the assumption that the cytochrome system was involved in sulfur

oxidation by A. thíooxida.ns.Evidences gathered ever since have substantiated this early

claim.

Cook and Umbreit (1962) were one of the first to show evidence for the presence

of a cytochrome system in the said bacterium. They identified c-trype cytochrome in cell

free extracts of sulfi.r grown cells. tr addition, they detected cytochrome oxidase activity

in the bacterium and also isolated ubiquinone.

Kodoma et al. (1970) identified d-, b-, and c-type cytochromes in the membrane

fraction of an unidentified strain of this bacterium grown on sulfur. Additionally, c-trype

cytochrome was also identified in the soluble fraction. Sulfite was able to reduce all of

the cytochromes of the membrane fraction and also the c-type cytochrome of the soluble

fraction when catalytic amounts of membrane fraction were present.

Tano et al. (1982) working with the membrane fraction of strain ON106 grown on

sulflrr identified a-, b-, c-, and d-type cytochromes in the bacterium. They also showed

that the amount of ¿- and c-type cytochromes decreased during growth whereas those of

b- and d-type cytochromes increased. The increase in å- and d-type cytochromes during

growth maybe attributed to the higher affinity for oxygen by d-type cytochrome than by

a-type (Yamanaka,1992). This is especially true during g¡owth when oxygen

concentration must have decreased because of limited aeration rate and increased cell

numbers (Masau et a1.,2001). Tano et al. did not propose a scheme for electron flow in

the bacterium apart from mentioning b-type cytochrome to be an important intermediate

carrier in the electron transport chain.
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NakamrÍaet al. (1992) working with the membrane fraction of thiosulfate grown

strain JCM78I4 showed that sulfite oxidation was followed by the reduction of

cytochromes. Cytochromes identified in the bacterium included a-, b-,and c-type

cytochromes.

Nogami et al. (1997) working with the membrane fraction of strain NBl-3 isolated

from corroded concrete and grown on sulfur-salt medium showed the presence of,only ø-

and å-[pe cytochromes. The researchers proposed that the a- and b-type cytochromes

constituted an ubiquinol oxidase (åø3) which also serves as the terminal oxidase in the

bacterium. Cytochromes of the c-type were also identified by the goup but it was present

in the soluble fraction. Electron transport in the organism was strongly inhibited by

cyanide, azide, and HQNO.

More recently Masau et al. (2001) working with strain ATCC 8085 grown on

thiosulfate (same strain and growth substrate as in the present research) identified ã-, b-,

c-, and d-type cytochromes in the bacterium. Results were therefore consistent with the

earlier report by Tano et al. (L982). Cytochromes of the b-, c-, and d-type were more

prominent than the a-type cytochrome. In the presence of substrates (sulfite, sulfur,

thiosulfate), c-type cytochrome was always reduced first followed by the other

cytochromes. This observation was consistent in both whole cells and cellfree crude

extracts. In the presence of respiratory chain uncouplers carbonyl cyanide-m-

chlorophenylhydrazone (CCCP) and Z, -diruhophenol (2,4-DNP) only c-type

cytochrome was reduced by the substrates tested in the whole cells whereas all the

cytochromes identified were reduced in cell free crude extracts. In contrast, in the
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presence of HQNO, only c-tJæe cytochrome was reduced in both whole cells and cell free

crude extracts.

In general, cytochromes are well defined in the electron transport chain of A.

thiooxidans.

Electron transport

Bacterial respiratory chains are composed of a variety of electron transport

constituents, such as flavoproteins, iron sulfur proteins, quinones, and cytochromes

(Thöny-Meye4 1997). Constituents of a respiratory chain are either part of or associated

with the cytoplasmic membrane. Thus the transport of electrons through these

constituents leads to the translocation of protons (IÐ from the cytoplasmic side of the

cell to the periplasm of the cell and the subsequent formation across the cytoplasmic

membrane of a proton elechochemical gradient which in turn can be used to drive ATP

formation via the ATP synthase or used directly for transport or motility (Mitchel, 1976).

The ATP generated can be used for various cellular purposes. Electron transport through

these constituents most often flows from a carrier with the more electronegative redox

potential to a carrier with the more electropositive redox potential. Oxygen has a redox

potential of 820 mV and is therefore an ideal terminal electron acceptor (aerobic

respiration) but in its absence numerous alternative terminal electron acceptors are

available (anaerobic respiration). ATP synthesis coupled to electron transport can be

driven by light (in phototrophs) or by the oxidation of both organic compounds (in

organoheterotrophs) and inorganic ions (in chemolithohophs (ie. A. thíooxidans)).

Although there are differences in detail, the overall features of electron transport
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dependent ATP synthesis are very similar in bacteria, in mitochondria and in

photosynthetic bacteria (Haddock and Jones, T977).

The Chemiosmotic Theory of Peter Mitchel requires that the proton translocating

electron transport chain and proton translocating ATPase coexist in a membrane that is

impermeable to most ions, including both OH- and Ff ions. Thus the overall result of

either electron transport or ATP hydrolysis is the generation across the plasma membrane

of a pH gradient (^pH) and an electrical potential gradient (AY). The sum of these two

interconnected components is better known as the proton motive force (Âp). The

components are described by the following equation :

Lp: LY -ZLpH

Z:2.3 RT/Fwhere:

R --+ The gas constant (8.3 Jmol-tK 1)

,F + Faraday constant (0.0965 kJmol-r mv-l)

T ---+ absolute temperature (in K)

Z is assigned a numerical value of 59 mV at25oC and the equation is re-written as :

Âp: ÂY - 59ApH

COz fixation

A. thiooxidans is classified as an autotroph based on its ability to reduce

atmospheric COz to organic carbon which in tum may be utilized for various metabolic

and biosynthetic purposes. COz fixation in autotrophs occurs mainly via the Calvin-

Benson-Bassham Cycle (CBB cycle) (Shively et a1.,1998). COz fixation by the CBB

cycle is dependent on 13 erzpatic reactions. The enzyme responsible for the actual

reduction of COz is ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo). With
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respect to COz fixation, the enzyme catalyzes the carboxylation of ribulose-l,5-

bisphosphate (RuBP) to form fwo molecules of 3-phosphoglyceric acid. The 3-

phosphoglyceric acid molecules in furn may enter the glycolytic pathway. The other

enzymes of the CBB cycle are involved in the regeneration of RuBP by a series of

rearrangement reactions that consumes energy (ATP) and reduced pyridine nucleotides

(NAD(P)H). The energy and reducing power required for the reactions of the CBB cycle

are provided by the oxidation of substrate molecules (ie. reduced sulfur compounds in the

case ofl. thiooxidans). The gene encoding RuBisCo has been demonstratedinA.

thiooxídøns via heterologous hybridization using specific DNA probes (Shively et al.,

r986).

Reversed electron flow

ATP required for COz fixation is generated from respiratory oxidation-reduction

reactions of electrons derived from the oxidation of reduced inorganic sulfur compounds

inA. thiooxidans.The flow of electrons is believed to occur via a thermodynamically

favorable electron transport pathway to the terminal electron acceptor oxygen. The

energy released during the course of the electron flow is first converted into a Ap which

is then used to drive ATP synthesis via the ATP synthase (Mitchel,1976).

In contrast, the flow of electrons derived from the oxidation of reduced inorganic

sulfur compounds for the synthesis of reduced pyridine nucleotides must take a

thermodynamically unfavorable pathway (uphill or reversed electron transport pathway)

to the site of pyridine nucleotide reduction. This is strictly based on the fact that most of

the reduced inorganic sulfur compounds employed as substrates by this bacterium are
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more electropositive than the redox potential of the pyridine nucleotides (-¿o' : -320

mV), and thus the latter cannot be reduced directly by the former. Electrons flow

spontaneously only to the more electropositive acceptor. In order to make electrons flow

from a reduced inorganic sulfur compound to the site of pyridine nucleotide reduction,

the reversed electron transport pathway must be employed, which in turn requires the

expenditure of energy. The source of energy is Ap. The inward flow of II+ through the

coupling sites down the Lp gradient drives electron transport in reverse. Moreover, in the

case of reduced inorganic sulfur compounds which are more electronegative than

pyridine nucleotides (ie. SO3l , Eo' : -520 mV), there is no evidence for the direct

reduction of pyridine nucleotides by these compounds and possible pathways involving

electron transport chain constituents must therefore exist.

Direct observation of reversed electron flow in obligate chemolithoautotrophs has

been documented. Most notably in nitrifying and sulfur oxidizing bacteria. Specific

observations of reversed elecfron flow in A. thiooxidazs, horvever, remains sparse. Any

assumptions made about reversed electron flow in the said bacterium must therefore be

partly based on evidences presented in other chemolithoautotrophs. Since a variety of

chemolithoautohophs have been investigated with respect to reversed electron flow only

selected works dealing with several other members of the y-subclass of Proteobacteria

will be briefly mentioned. Specifically, Halothiobacillus neapolitanøs (formerly

Thiob acillus neap o litan ras) and A. ferco oxidans .

Reversed electron flow in H. neapolitanus has been shown in cell free extracts

(Aleem, 1969; Saxena and Aleem,1972) and whole celis of the bacterium (Roth et al.,

1973). Cell free preparations of the bacterium catalyzed the ATP dependent reduction of
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pyridine nucleotides (NAD+ and NADP) as well as flavins (FMN and FAD) by

thiosulfate, sulfite, and ascorbate (Aleem,1969; Saxena and Aleem, t972). Saxena and

Aleem (1972) showed that in cellfree extracts the addition of ATP caused the initial

reduction of FMN by thiosulfate oxidation and the subsequent oxidation of reduced FMN

was accompanied with the concomitant reduction of NAD*. The ATP driven reduction of

flavins or that of pyridine nucleotides was inhibited by uncouplers and specific inhibitors

of the electron transport chain (Aleem, 1969; Saxena and Aleem,1972), an effect

attributed to the inhibition of oxidative phosphorylation. Results obtained in cell free

extracts was corroborated in whole cells even though cell free preparations are only about

1%o asactive as the whole cells with respect to the reduction of NAD(P)H (Roth et al.,

1973).

Reversed electron flow in A. ferrooxidans has been reported on several different

occasions. One of the first was by Aleem et al. (1963) who reported that cell free

preparations of the bacterium required ATP for the reduction of NAD* using reduced

horse heart cytochrome c as the electron donor. Tikhonova et al. (1967) later reported the

reduction of NAD* by Fe2* which was driven by ATP hydrolysis in freeze thawed whole

cells. It was reported that freezethawing was not required for Fe2* oxidation but was

required for the ATP effect. The system was however sensitive to amytal (complex I

inhibitor). More recently, the presence of a åc1-complex ínA.ferrooxidans has been

reported (Elbehti et a1.,1999; Brugna et a1.,1999; Brasseur et a1.,2002) and the

existence of an electron transport pathway through the bct complex and complex I has

been proposed (Elbehti et aL.,2000).
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Using spheroplasts of the bacterium and exogenous ferrocytochrome c as the

electron donor, Elbehti et al. (2000) blocked off the terminal oxidase of the

thermodynamically favorable forward electron transport pathway by cyanide and showed

that reversed electron transport was stimulated by ATP but inhibited by complex I

inhibitors (rotenone, anylal, atabrine) and also by a myriad of bcl complex inhibitors

(HQNO, etc.). The system was also sensitive to inhibitors of ATP synthase (oligomycin,

etc.) and uncouplers (CCCP, 2,4-DNP). The latter set of evidences fi¡rther supports the

requirement for the maintenance of oxidative phosphorylation and ATP synthesis for

energy requiring reversed electron transport. In contrast, forward electron transport was

only sensitive to cyanide. A proposal by Brasseur et al. (2002) that the óc1 complex in the

bacterium only functions in the reverse direction for reduced pyridine nucleotide

synthesis further supports the observations made by Elbehti et al. (2000) where the bc1

complex inhibitors did not inhibit the forward direction. A ubiquinol oxidase (åd)

(Kamimura et a1.,2001) has been identified in the bacterium and may compensate for the

proposed unidirectional operation of the åc1 complex. To date, abq complex has not

been identifiedtnA. thiooxtdans but ubiquinol oxidase (bd) activity has been detected

(Nogarni et al., 1997) as well as ubiquinone (Cook and Umbreít,1962). Ubiquinol

oxidases in general, provide an alternate route for electron transport from ubiquinone to

oxygen other than via a bq complex. It is suggested that the electron transfer pathway

involving a ubiquinol oxidase is not as effective in energy production as a pathway

involving abcl complex (if functioning in the forward direction) because the ubiquinol

oxidase will be the sole proton-hanslocating complex (Thöny-Meyer,1997).
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Research objective

The objective of this research was to investigate the control of both endogenous

respiration and sulfite oxidation inA. thiooxidans strain ATCC 8085 by using chemical

compounds known to collapse 4p (AY - 59ÂpH). Chemical compounds used in the

research included uncouplers, permeant anions, weak organic acids, and typical elechon

transport chain inhibitors. Sulfite oxidation was chosen for substrate oxidation studies

since it is the primary energy generating step in the bacterium utilizing the electron

transport chain. Endogenous respiration and sulfite oxidation were measured by oxygen

consumption rates. Alternatively, endogenous respiration was also measured by coupling

to exogenous ferric iron reduction (rate of ferrous iron formation). Ferric iron reduction

by shain ATCC 8085 was unexpected and a preliminary charactenzationwas the second

major undertaking of this research.
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Materials

Bacterium

Acidithiobacillus thiooxidans strain ATCC 8085 was used throughout the

research.

Chemicals

All chemicals used were of the highest grade commercially available. Sodium

thiosulfate (NazSzOs'5H2O) and precipitated elemental sulfur powder were obtained from

British Drug Houses Inc., Toronto, Ontario, Canada. Potassium sulfite (K2SO3) was

obtained from Matheson, Coleman, and 8e11, Norwood, Ohio, and East Rutherford, New

Jersey, U.S.A. .

Chemical compounds used to collapse Ap were obtained from the following

sources :

Uncouplers -
carbonyl cyanide-m-chlorophenylhydrazoîe (CCCP) - Sigma Chemical Co., St. Iouis,
Missouri, U.S.A.
2, -dtrutrophenol (2,4-DNP) - Calbiochem, San Diego, California, U.S.A.

Stock solutions were constituted in DMSO.

Permeant anions -
sodium tehaphenyl boron (TPB) - Aldrich Chemical Company. Inc., Milwaukee,
'Wisconsin, U.S.A.
potassium thiocyanate (KSCI.Ð - Fisher Scientific Co., Fair Lawn, New Jersey, U.S.A.
potassium nitrate (KNO3) - Fisher
potassium chioride (KCl) - Fisher
(methyltriphenylphosphonium bromide (TPMP) * Sigma)
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Stock solutions were constituted in Milli-Q UF PLUS water except for TPB- and TPMP*
which were constituted in acetone and DMSO respectively.

Weak organic acids -
citric acid (monohydrate) - Shawinigan, Distributed by the McArthur Chemical Co. Ltd.,
Montreal, Quebec, Canada.
90%o formíc acid - Fisher
100% butyric acid - Fisher
99o/opropionic acid - Fisher
glacial acetic acid - Baxter Corporation, Toronto, Ontario, Canada
D(-)-lactic acid - Shawanigan
succinic acid - Fisher
L-malic acid - Fisher
fumaric acid - Fisher
potassium fluoride (KF-HF) - Fisher

Stock solutions were prepared in Milli-Q UF PLUS water.

Terminal cytochrome oxidase inhibitors -
sodium azide (NaN3) - BDH Chemicals Ltd., Poole, England
potassium cyanide (KCÐ - J.T. Baker Chemical Co., Phillipsburg, New Jersey, U.S.A.

Stock solutions were constituted in Milli-Q UF PLUS water.

Complex I inhibitors -
amytal - Sigma
rotenone - Sigma
atabrine - Mann Research Laboratories Inc., New York, New York, U.S.A.

Stock solutions were constituted in DMSO except for atabrine which was constituted in
Milli-Q UF PLUS water.

åcl complex inhibitor -
2-heplyl-4-hydroxyquinoline-i/-oxide (HQNO) - Sigma

Stock solution constituted in DMSO.

Sulflrydryl-binding inhibitors -
mercuric chloride (HgCl2) - Matheson, Coleman, and Bell, Norwood, Ohio and East
Rutherford, New Jersey, U.S.A.
i/-ethylmaleimide (NEM) - Sigma
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silver nitrate (AgNO3) - Fisher

Stock solutions constituted in Milli-Q UF PLUS water.

Neutral electron donors -

ribitol - Sigma
glycerol - Fisher

Stock solutions were prepffed in Milli-Q tlF PLUS water.

The effect of the solvents used was also examined and found to be negligible when

used in micro liter quantities (ie. S 10 ¡lL) with the exception of acetone. The effect of

acetone was therefore taken into consideration.

Growth media

9K medium. The primary growth medium was the basal 9K medium of Silverman

and Lundgren (1959). The medium contained per liter of Milli-Q UF PLUS water: 3 g

OII{4)2SO4, 0.1 g KCl, 0.5 I KzHPO¿, 0.5 g MgSO+.7H2O,0.014 g Ca(NO3). HzO, and

0.018 g FeSOa'7HzO. The pH of the medium was adjusted to 5 with concentrated HzSO¿.

The medium was sterilized by autoclaving at l}l'C for 20 min . kon was Millipore

filtered (10 mL of 1.8 gll FeSO¿.7HzO solution in pH 1.8 water adjusted with

concentrated HzSO¿) and added to the sterilized medium upon inoculation.

9Kmedium was supplemented with molybdenum (0.75 mglLNazMoO+.2HzO).

Molybdenum was Millipore filtered (10 mL of 75 mglLNazMoO¿.zH2O solution) and

added to the sterilized medium upon inoculation.



18

Thiosulfate (I %) was used as the subsfrate for growth. Thiosulfate was Millipore

filtered (100 mL of 10 9/100 mL NazSzO3'5H2O solution) and added to the sterilized 9K

medium upon inoculation.

Starkey No. 1 medium. When comparison to the sulfur grown version of the

bacterium was needed, strain ATCC 8085 was cultivated on Starkey No. 1 medium. The

medium contained per liter of Milli-Q UF PLUS water: 0.3 g (NlI+)zSO¿, 0.5 g

MgSO¿'7H2O,3.5 gKH2POa, 0.25 gCaCl2, and 0.018 gFeSOa.THzO. ThepH of the

medium was adjustedto 2.3 with concentrated H2SO4. The medium was sterilized by

autoclaving atl2ToC for 20 min.

Precipitated elemental sulfur powder was used as the substrate for growth. Sulfur

(I0 dL) was spread on the sterilized Starkey No. I medium upon inoculation.

Substrates for oxÍdation studies þreparation of stock solutions)

DMSO/sulfur (soluble sulfur). DMSO/sulfur was prepared by dissolving

precipitated elemental sulfur powder (0.5 mglml) in DMSO.

Tween 80 sulfur (sulfur suspension). Tween 80 sulfur was prepared by

suspending 32 gof precipitated elemental sulfurpowder in 100 mL of Milli Q UF PLUS

water containing 50 mg of Tween 80 (Polyoxyethylene (20) sorbitan monoleate).

Thiosulfate. Thiosulfate (10 mM) solution was prepared by dissolving sodium

thiosulfate (NazSzOs'5HzO) in Milli Q UF PLUS water.

Sulfite. Sulfite (10 mM) solution was prepared by dissolving potassium sulfite

(KzSO¡) in Milli Q UF PLUS water that was initially subjected to 2 cycles of 7 min of

degassing followed by 3 min of flushing with oxygen-free Nz 1g¡ (Welders Supplies,
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Winnipeg, Manitoba, Canada). After sufite was added to the anaerobic water, the solution

was once again subjected to 7 min of degassing followed by 3 min of flushing with N2 6¡.

Sulfite was stored in a serum bottle capped with a Balch tube stopper secured with an

aluminum crimp top.

Formate. Formate (10 mM) solution was prepared by diluting concenhated formic

acid with Milli Q UF PLUS water.

Methods

Growth on thiosulfate

The bacterium was grown at 28oC on 9K medium in a 4L reactor equipped with an

automated titrator @adiometer, titartor 11 and pH meter 28, Copenhagen) to maintain the

pH at 5 with 5 %K2COg. The culture was continuously aerated through a glass sparger

and a magnetic stirrer. Sodium thiosulfate (1 %) was added as the sole substrate. The

cultivation was carried out every 36 h on a semi-continuous basis leaving 400 mL culture

as the 10 % inoculum for a new 9K medium at pH 5 to start another 4L culture.

Cell harvesting and washing

After 36 h of growth, the culture was centrifuged at 8,000 x g for 10 min and then

twice washed in Milli-Q UF PLUS water with centrifugation in between (10,000 x g for

10 min). V/ashed cells were suspended in 0.1 M p-alanine-HzSO¿pH 3 at a concentration

of 200 mg wet cells/ml. 'When not in use the cell suspension was stored at 4oC with

gentle stirring to prevent the cells from settling out of suspension. Prolonged storage in
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0.1 M p-alanine-H2SOa pH 3 was not possible so cells were used as soon as they were

harvested.

Measuring oxygen consumption by endogenous respiration or by exogenous

substrate oxidation

Oxygen consumption by endogenous respiration or by exogenous substrate

oxidation was followed in a Gilson oxygraph with a Clarke oxygen electrode at25"Cby

measuring the decrease in dissolved oxygen. The initial linear rate of oxygen

consumption (nmoVmin) was reported as the oxidation rate. For oxygen consumption

studies by endogenous respiration, the I.2 mL reaction mixture consisted of 0.1 M B-

alanine-H2SO¿pH 3 buffer and25 mg of cells. For oxygen consumption studies by

exogenous substrate oxidation, the desired substrate was added in microliter volumes to

initiate the reaction. The effect of various electron transport chain inhibitors and

uncouplers was observed by the addition of microliter volumes to the reaction mixture

and particularly after 5 min of preincubation with the cells for the effect on exogenous

substrate oxidation. Results were corrected for any non-biological oxidation rates. The

oxygen consumption profiles depicted in the figures are based on the amount of oxygen

consumed at various time intervals from the continuous oxygraph reading. To depict an

oxygen consumption profile during endogenous oxygen consumptio n a2.5 min interval

was chosen where as for sulfite oxidation a 20 sec interval was chosen. Both intervals

porhay an accurate representation of the continuous oxidation profile generated by the

oxygraph. The oxygraph readings which showed stimulation or inhibition were repe4ted

on several different occasions to ensure that they were reproducible.
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Measuring exogenous ferric iron reduction by endogenous respiration

The method used was based on the method reported by Suzuki et aL,1990 which in

turn was based on the methods of Sugio et al,1985 and Ballentine and Burford, 1957.

Standard procedure. Exogenous ferric iron reduction by endogenous respiration

was me¿Nured in 1 mL reaction mixtures consisting of the assay buffer 0.1 M p-alanine-

HzSO¿ pH 3, 20 mgof cells, and 4 pmol FeCl3 which were all stirred magnetically at

25oC in small glass vials capped loosely. Samples of 100 pL were taken at 15 min

intervals using microsyringes over an allotted time (1 h) and mixed with 1 mL0.lYo

1,10-phenanthroline-HzSOa pH 3. The mixtures were immediately centrifuged for 2 min

to remove the cells. The supernatant was then diluted with 0.9 mL of the assaybuffer and

the red color formed was measured in a Hewlett-Packard 8452A diode array 
,

spectrophotometer at 510 nm after l0 min of incubation for stable color formation, using

qlrartz cuvettes with a 1 cm light path. Absorbance readings at 510 nm vyere taken against

a reagent blank and then compared to a standard curve developed using 20 - 200 nmol

ferrous iron (FeSO 47H.zO). Results were based on either 2 or 3 independent trials and

reported as total ferrous iron formed (nmol).

For the measurement of exogenous ferric iron reduction by endogenous respiration

during anaerobic incubation, the experiments were performed as previously stated but

with one exception. Primarily, all reaction mixture components were made anaerobic (3

cycles of 7 min of degassing followed by 3 min of flushing with oxygen-free N, rrù itt

serum bottles capped with Balch tube stoppers secured with aluminum crimp tops, prior

to combining in the serum bottles contaíning the specified amount of buffer. Each
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component was added to the reaction mixture using microsyringes cleaned with

anaerobic water in between each addition.

Measuring endogenous ferric iron reduction by endogenous respiration

The method used was based on the method reported by Suzuki et a1.,1990 (specific

for the measurement of exogenous ferric iron reduction) which in turn was based on the

methods of Sugio et al, 1985 and Ballentine and Burford, 1957.

Standard procedure. For the measurement of endogenous ferric iron reduction by

endogenous respiration, the experiments were performed as already stated under the

standard procedure for the measurement of exogenous ferric iron reduction by

endogenous respiration, but with several exceptions. [ritially, exogenous ferric iron was

not added to the reaction mixture since endogenous iron was being measured. Secondl¡

the volume sampled from the 1 mL reaction mixtures \¡/as only 50 ¡rL. Thirdly, the

sampled volume was mixed with an equal volume of 1 M HNO¡ and allowed to stand for

10 min to allow for complete extraction of total endogenous iron from the cells. Fourthly,

50 pL of l0 %NHzOH-HCI was added when total iron (ferrous + ferric) was required as

it reduces ferric to ferrous iron. Fifthly, reduction \ryas observed over a much longer time

(approximatety 30-40 h). Absorbance readings at 510 nm \ryere taken against a reagent

blank and then compared to a standard curve developed using 20 - 200 nmol ferrous iron.

Results were based on either 2 or 3 independent trials and reported as total ferrous iron

formed (nmol).

For the me¿ßurement of endogenous ferric iron reduction by endogenous

respiration during anaerobic incubation, the experiments were performed as previously
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stated but with one exception. Primarily, all reaction mixture components were made

anaerobic (3 cycles of 7 min of degassing followed by 3 min of flushing with Nz 1r¡) prior

to combining to initiate the reaction under anaerobic incubation.

Measuring exogenous ferric iron reduction by exogenous substrate oxidation

The method used was based on the method reported by Suzuki et a1.,1990 which

in turn was based on the methods of Sugio et al, 1985 and Ballentine and Burford,1957.

Standard procedure. For the measurement of exogenous ferric iron reduction by

exogenous substrate oxidation, the experiments were performed as already stated under

the standard procedure for the measurement of exogenous ferric iron reduction by

endogenous respiration, but with several exceptions. Úritially, the reactions were

performed in the reaction chamber of the oxygraph to permit additional measurement of

ferrous iron formed by the oxygraph (the decrease measured from the amount of expected

oxygen uptake can be correlated to the total ferrous iron formed by multiplying the

difference by 4 to account for 4 electrons equivalent to one molecular oxygen consumed

(Oz + 4e- + 4If. - 2HzO)). Secondly, the volume of the reaction mixtures was 1.4 mL

which in tum allowed for ferrous iron measurement before the initiation of the reaction

Q00 ¡tL was sampled for initial reading allowing 1.2 mL of the reaction mixture to be

analyzed,via the oxygraph, thus keeping the volume of the reaction mixture consistent

with the specific volume required for the operation of the oxygraph) and also after the

completion of the reaction (another 200 ¡:"L was sampled for ferrous iron formed during

the course of the reaction). The volume of the reaction mixtures was increased to 1.6 mL

when sulfite formed measurements were need alongside the ferrous iron formed
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measurements (ie. 200 pL sampled for both ferrous iron and sulfite determination before

the reaction and also after the reaction). Thirdly, exogenous subshates at concentrations

of 156 nmol for DMSO/sulfur, I mmol for Tween 80 sulfur, and 100 nmol for each of

thiosulfate, sulfite, and formate were utilized. Fourthly, reactions were initiated with the

addition of the substrate and terminated 15 min later. Fifthly, ferrous iron formed from

the reduction of exogenous ferric iron by endogenous respiration during the allotted time

was also determined. Results were reported as total ferrous iron formed (nmol).

For the measurement of exogenous ferric iron reduction by exogenous substrate

oxidation during anaerobic incubation, the experiments were performed as previously

stated but with several exceptions. Lritially, the reactions were not performed in the

reaction chamber of the oxygraph. Secondly, all reaction mixture components were made

anaerobic (3 cycles of 7 mir' of degassing followed by 3 min of flushing with Nz 1r¡) prior

to combining to initiate the reaction under anaerobic incubation.

SuHite determination

Sulfite was measured according to the method of West and Gaeke (1956). lritially,

200 ¡tL was sampled from a reaction mixture and mixed with 5 mL of 0.1 M sodium

tetrachloromercurate II which was then centrifuged (10,000 x g for 15 min) to remove the

cells. To the supernatant, 0.5 mL of 0.2 %o formaldehyde and 0.5 mL of HCl-bleached

pararosaniline (0.04 %o) wasadded, with mixing in between. After 30 min of incubation,

the absorbance at 550 nm was taken against areagentblank and compared to a standard

curve developed using 20 -200 nmol sulfite (KzSO¡). Results were reported as total

sulfite formed (nmol).
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Total endogenous iron (ferric + ferrous) and endogenous ferrous iron determÍnation

Total endogenous iron (ferric * ferrous) in the cells was measured by initially

diluting (in 0.1M p-alanine HzSO¿ pH 3) a stock cell suspension (200 mglmL) to the

desired cell concentration (ie. 5,L0,20,40, 80 mglmL), in a final volume of 1 mL. Next,

50 pL was removed from the cell suspension and mixed with an equal volume of I M

HNO¡ and allowed to stand for 10 min, after which time the mixture was treated with 50

¡rL of 10 % NH2OH-HCI to reduce extracted ferric iron to ferrous iron. The sample was

then mixed with 1 mL of 1,l0-phenanthroline and immediately centrifuged for 2 min to

remove the cells. The supernatant was then diluted with 0.85 mL of the ¿ìssay buffer and

the red color (corresponding to total endogenous iron (ferric + ferrous)) was measured in

a Hewlett-Packard 8452A diode array spectrophotometer at 510 nm after 10 min of

incubation for stable color formation. Absorbance readings at 510 nm were taken against

a reagent blank and then compared to a standard curve developed using 20 - 200 nmol

ferrous iron (FeSO a'7HzO). Endogenous ferrous iron in the cells w¿N measured according

to the previously mentioned method but 10 % NHzOH-HC1 was not added during the

procedure. Total iron (ferrous + ferric) and ferrous iron in the supernatant of the cell

suspension was measured according to the previously mentioned method, however cells

were removed through centrifugation prior to the measurement. Results were reported as

total iron (ferrous + ferric) and ferrous iron present (nmol).
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Absorption spectra of cell-free crude extracts

The cells suspended in 0.1 M p-alanine-HzSO¿pH 3 were washed once in 0.1 M

Tris-HCl pH 7.5 buffer and suspended in the same buffer at a wet cell concentration of

200 mglmL. The suspension was passed through a French pressure cell three times at 110

MPa to break the cells and was centrifuged at 10,000 x g for 10 min to obtain cell-free

crude extracts. The supernatant of thiosulfate gro\ilTì cells was translucent with a

reddish/brown color whereas the supernatant of the sulfur grown cells was somewhat

beige/white in color.

To obtain a difference spectrum (reduced - oxidized spectrum) the cell free crude

extract was diluted 4-fold in 0.1 M Tris-HCl pH 7.5 at a final volume of 1 mL. The 1 mL

dilution (oxidized extract) was used as the reference blank for the reduced spectrum. To

prepare reduced extracts, few grains of sodium dithionite was added to the I mL dilution

and gently inverted several times for mixing while capped with parafilm. Absorbance

readings (400-800 nm) were taken using a Hewlett-Packard 8452A diode array

spectrophotometer in a quartz cuvette with a 1 cm light path.
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Growth of the bacterium

Acidithtobacillus thiooxidans strain ATCC 8085 was grown on 9K medium of

Silverman and Lundgren at pH 5 using 1 % thiosulfate as the sole energy source, as

reported by Masau et al (2001), based on the initial work of Nakamura et al (1990).

However, unlike Masau et al., the growth medium was supplemented with a minute

amount of molybdenum (0.75 mg Na2MoO¿ .HzO)/L) which resulted in a much higher

cell offering. In the present research, a yield of approximately 0.75-1 g of wet cells/L was

not unusual, compared to an average yield of 0.425 g of wet cells/L by Masau et al

(2001). Additionally, a survey of thiosulfate, sulfite, and sulfur (soluble sulfur -

DMSO/sulfur and precipitated elemental sulfur - Tween 80 sulfur) oxidation activities at

various time intervals during growth (12-96 h) revealed that peak substrate oxidation

activities were present after only 36 h of growth. As a result, cells were routinely

harvested for study after 36 h of growth. Masau et al. (200I) routinely harvested their

cells every 72-96h,.

The rapid cell proliferation and the resulting increase in cell yield may be most

likely due to molybdenum supplementation. Molybdenum has been reported to increase

specific growth rate and final cell yteld of A. thíooxidans by 2- and 4-fold respectively, at

minute concentrations (0.3 ppm) in the growth medium (Takakuwa et al,1977). The role

of molybdenum as a cofactor of enzymes is also well known and has been reported in

such enzymes as hepatic sulfite oxidase (Cohen et al.,I97l), xanthine oxidase (Bra¡

1963), aldehyde oxidase (Rajagopalan et a1.,1962), and in formate dehydrogenase in.E.

coli (Enochand Lester, Ig75 ,Pinset, Lgs4).More specificall¡ molybdenum has also
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been identified as a component of sulfite oxidase in several thiobacilli ( Kessler and

Rajagopalan,IgT2; Southerland and Toghrol, 1983; Kappler et a1.,2000).



Part I
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Part I : Investigating the control of endogenous respiratÍon and sulfite oxidation

in Acídíthíob øcillus thío oxidøns

IntroductÍon

The respiratory control ofboth endogenous substrate(s) oxidation (endogenous

respiration) and exogenous substrate oxidation inA. thiooxidans strain ATCC 8085 was

investigated using chemical compounds known to collapse Âp (AY - 59Á,p$. Sulfite

(IÇSO3¡ was chosen as the substrate for exogenous substrate oxidation studies since it is

suspected of being the key energy-generating reaction, via the electron transport chain, in

the sulfur to sulfate oxidation scheme (HzSO¡ + YzOz --- SO¿2- + 2H+ +2e-) (Suzuki,

1999; Masau et a1.,2001). At this juncture, the nature of the substrate(s) responsible for

endogenous respiration is not yet known.

Endogenous respiration and sulfite oxidation were both investigated by oxygen

consumption studies. Alternatively, endogenous respiration was also investigated with

exogenous ferric iron serving as the terminal electron acceptor (ferrous iron formation).

The coupling of endogenous respiration to exogenous ferric iron reduction was

unexpected in the bacterium and was therefore investigated in the second part of this

research.

The control of endogenous respiration and sulfite oxidation was investigated at pH

3 (in 0.1 M p-alanine-HzSO¿ buffer) to prevent chemical oxidation of ferrous iron which

increases with increasing pH @ronk and Johnson, 1992). Furthermore, the solubility of

ferric iron also decreases with increasing pH (Pronk and Johnson,1992). The chemicals

used to investigate the role of Lp in the control of both endogenous and exogenous
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substrate oxidation by the bacterium included uncouplers, permeant anions, weak organic

acids, terminal oxidase inhibitors, complex I inhibitors, åc1 complex inhibitors, and

sulftrydryl-binding agents. Additionally, pH 3 is also a typical $owth pH for the

bacterium especially when elemental sulfur is utilized as the substrate.

Throughout the investigation, a fixed concentration of cells was maintained(20

mglmI') for both endogenous respiration and sulfite oxidation studies so as to allow a

direct comparison between the two. The amount of sulfite used in the investigation was

especially crucial at pH 3 as higher amorurts of the substrate was found to be inhibitory,

which was indicated by a lag in the substrate oxidation profile (Figure 1). At higher

concentrations of the substrate, the lag was found to be more pronounced. The inhibition

of sulfite oxidation, at higher concentrations of the substrate at low pH, may be related to

the chemical form of the substrate as it enters the cell from the external environment.

Takeuchi and Suzuki (Igg4) have suggested that sulfite enters the cells in the form of

undissociated (or protonated) sulfurous acid (H2SO3) or as sulfur dioxide gas (SO21r¡ +

HzO), at acídic pH. Sulfite ion (SO32-) may be protonated to bisulfite ion (SO32- + H+ ++

HSO¡- ,K¿: L.02x 10-7 or pK¿ : 7) andfurther to sulfurous acid (HSO¡- + If *

HzSO¡ , IÇl: L.54 x 10-2 or pÇr: 1.81) as it passes through the outer membrane and

periplasmic space to reach the site of sulfite oxidation. Therefore, the lag may be due to

the acidification of cells by protonated sulfite. To avoid complications arising from

substrate inhibition, 100 nmol of KzSO¡ (çter 1.2 mL of reaction mixture) was used

throughout the research. In most instances, 100 nmol of KzSO¡ generated a linear rate of

substrate oxidation and facilitated stoichiometric measurement of substrate oxidation

(HzSO¡ +YzOz+ SO¿2- +ZI{ +2e-).
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Effect of uncouplers

Uncouplers, 2,4-DNP and CCCP, are classified as protonophores or proton

translocators (Nicholls and Ferguson, 1992; Lehninger et al., L993). Both of the

uncouplers have dissociable protons and permeate bilayers either in their protonated or

deprotonated forms. The abilify of the anionic form to permeate across hydrophobic

bilayers is said to be made possible by the presence of an extensive æ-orbital system

which is believed to delocalize the negative charge, such that lipid solubilify is retained

(Nicholls and Ferguson,1992). By carrying protons across the membrane, the uncouplers

can catalyze the net electrical uniport ofprotons and therefore increase the proton

conductance of the membrane (Nicholls and Fergusson, 1992). This is primarily

mediatçd by the dissociation of a proton from the uncoupler due to the near neutral pH of

the cytoplasm (pH¡n > pIÇ of uncoupler; pK.:4 for 2,4-DNP) and by the subsequent

cycling of the uncoupler between the internal and external environments. In the external

environment, the uncoupler is reprotonated (pHou1< pIÇ of uncoupler). The cycling

continues until the intemal pH of the cell equilibrates with the pH of the external

environment so that 59ÂpH equals AY (ie. Lp approaches zero). The collapse of Ap

allows the oxidative component (substrate oxidation) of respiration to be uncoupled from

the constraints imposed by the phosphorylating component (ATP synthesis) and results in

stimulation of substrate oxidation rate.

2,4-DNP. The effect of 2,4-DNP on the rate of exogenous ferric iron reduction by

endogenous respiration was stimulatory (Table l,Figure 2 (a)).The uncoupler exhibited

increased effectiveness at increasing concentrations. At higher concenfrations, however,

reduced stimulation was also apparent. Peak stimulation was observed around l0 ¡t"M2,4-
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DNP. The effect of the uncoupler on the rate of oxygen consumption by endogenous

respiration was consistent with exogenous ferric iron reduction studies (Table 1, Figure 2

(b)). The uncoupler stimulated endogenous respiration but at higher concenhations

exerted a reduced stimulatory or an inhibitory effect. The uncoupler concenhation range

at which peak stimulation was observed (0.5 ---+ 10 ¡rM) was consistent with the ferric

iron reduction studies, although the extent of the stimulation was less.

The effect of 2,4-DNP on the rate of sulfite oxidation was inhibitory. The

uncoupler exhibited increased effectiveness at increasing concentrations (Table 1). The

uncoupler concentration which caused peak stimulation of endogenous respiration rate in

both iron reduction (10 pM) and oxygen consumption (0.5 --+ 10 pM) studies inhibited

sulfite oxidation (Figure 2 (c)).

CCCP. The effect of CCCP on the rate of exogenous ferric iron reduction by

endogenous respiration was stimulatory (Table 2, Figure 3 (a). The uncoupler exhibited

increased effectiveness at increasing concentrations. However, at higher concentrations,

reduced stimulation was also apparent. Peak stimulation was observed around l0 pM

CCCP. The effect of CCCP on the rate of oxygen consumption by endogenous respiration

was also stimulatory, but at higher concentrations of the uncoupler, it was less

stimulatory and even inhibitory (Table 2,Figare 3 (b)). Peak stimulation was observed

around 1 pM CCCP. The extent of the stimulation in oxygen consumption studies was

less than that in exogenous fenic iron reduction studies.

The effect of CCCP on the rate of sulfite oxidation w¿ts inhibitory (Table 2).The

uncoupler exhibited increased effectiveness at increasing concentrations. A typical

inhibitory response to CCCP during sulfite oxidation is illustrated in Figure 3 (c).
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The uncouplers, in general, stimulated endogenous respiration, but at very high

concentrations were less stimulatory or even inhibitory. The stimulation of endogenous

respiration was most likely due to the collapse of Lp which was mediated by FI*

translocation into the cell and thus leading to the uncoupling of oxidation from

phosphorylation. Without the constraints of the phosphorylating component of the

electron transport system, the oxidative component operates unhindered at its maximal

rate. The proton pumping system operates to re-establish the Äp. However, at very high

concentrations of the uncoupler, ff teat<ing in is too fast in comparision to the tf being

pumped out, thus decreasing the cytoplasmic pH to non-physiological levels

(acidification of the cytoplasm) leading to reduced activities. Stimulation of endogenous

respiration by the uncouplers was consistent with what would be expected from a

mitochondrial electron hansport system or in heterotrophic bacteia, thus suggesting a

control for endogenous respiration similar to those systems. In contrast, sulfite oxidation

was strictly inhibited by the uncouplers. Results implicate a control strongly dependent

on the maintenance of an energy transducing membrane (Âp maintenance) for substrate

oxidation by the bacterium.

Effect of anions

The ability to use anions to collapse the ÂY component of Lp is possible only if

ÁY is positive inside the cell. An inside positive ÂY has been determined for numerous

acidophiles (Hsung and Haug, 1977a; 1977b; Krulwich et a1.,1978; Cox et a1.,19791'

Matin et a1.,1982; Alexander et a1.,1987).ln acidophiles, the AY values vary but the

polarity remains the same þositive inside). Thiocyanate (KSCN) is a permeant a¡rion
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suspected of distributing electrophoretically according to ÂV based on the pKu value of -

1.85 for thiocyanic acid (HSCN). Therefore, at assay pH 3, almost all proportion of

KSCN would be in dissociated form (SCN-). Tehaphenylboron (TPB), on the other hand,

is a lipophillic anion whose negative charge is suffrciently delocalized by the æ-orbital

system and screened with hydrophobic groups to enable it to permeate lipid bilayers

(Nicholls and Fergus on,l992).Both thiocyanate and TPB- have been used as probes to

determine AY in microorganisms. Other anions tested include nitrate (KNO¡) (pIÇ: -

1.44 for HNO3) and chloride (KCl) (pIÇ : -7.0 for HCI).

Thiocyanate. The effect of potassium thiocyanate (KSCN) on the rate of

exogenous ferric iron reduction by endogenous respiration was stimulatory (Table 3,

Figure 4 (a)). Thiocyanate exhibited increased effectiveness at increasing concentrations.

At higher concentrations of the anion, reduced stimulation and inhibition were also

observed. Peak stimulation was observ ed at 0.2mM KSCN. The effect of thiocyanate on

the rate of oxygen consumption by endogenous respiration was similar to the ferric iron

reduction studies except the degree of stimulation was less in oxygen consumption

studies (Table 3, Figure 4 (b). Peak stimulation was observed around 0.2 + 0.5 mM

KSCN, whereas at higher concentrations of the anion, reduced stimulation or inhibition

was observed.

The effect of thiocyanate on the rate of sulfite oxidation was inhibitory (Table 3).

The anion exhibited increased effectiveness at increasing concentrations. A typical

inhibitory response to thiocyanate during sulfite oxidation is illustrated in Figure 4 (c).

TPB-. Tetraphenyl boron (TPB) was constituted in acetone. Acetone had no effect

on the rate of endogenous respiration measured by either exogenous ferric iron reduction
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or by oxygen consumption, but exerted a strong inhibitory effect on the rate of sulfite

oxidation. Sulfite oxidation results were therefore corrected for the effect of acetone. For

all the TPB- concentrations tested in endogenous respiration and substrate oxidation

studies, the acetone concentration was approximately I %o (v/v).

The effect of TPB- on the rate of exogenous ferric iron reduction by endogenous

respiration was stimulatory (Table 4, Figure 5 (a). The anion exhibited increased

effectiveness at increasing concentrations but reduced stimulation and inhibition were

also apparent. Peak stimulation was observed around 0.5 ---+ 1 mM TPB-. The effect of

TPB- on the rate of oxygen consumption by endogenous respiration was not very

informative with respect to stimulation. However, inhibition of endogenous respiration at

higher concentrations of the anion was consistent with the trend observed in exogenous

ferric iron reduction studies (Table 4).

The effect of TPB- on the rate of sulfite oxidation was clearly inhibitory (Table 4,

Figure 5 (b). An increased effectiveness at increasing concentrations was observed with

lipophillic the anion. A typical inhibitory response to TPB- during sulfite oxidation is

illustrated in Figure 5 (b).

Nitrate. The effect of potassium nihate (KNO¡) on the rate of exogenous ferric

iron reduction by endogenous resiration was determined to be stimulatory. However, at

higher concentrations of the anion, initial stimulation followed by inhibition was also

noticed. Peak stimulation was observed around 5 mM KNO¡ (Table 5, Figure 6 (a).

Stimulation at 5 mM KNO: elicited a biphasic ferric iron reduction pattern such that

initial stimulation was followed by further stimulation in the latter stages of incubation.

In contrast, at25 mM KNO¡, initial stimulation was followed by complete inhibition of
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endogenous respiration in the remaining time of incubation. The effect of nitrate on the

rate of oxygen consumption by endogenous respiration was also stimulatory (Table 5,

Figure 6 (b)). The anion exhibited increased effectiveness at increasing concentrations.

The stimulation of oxygen consumption rate in the presence of nitrate was time

dependent. The time required for stimulation decreased with increasing anion

concentration (Figure 6 (b)). Stimulation of endogenous respiration by nitrate appeared to

be greater in exogenous ferric iron reduction studies than in oxygen consumption studies.

The effect of nitrate on the rate of sulfite oxidation was inhibitory (Table 5). The

anion exhibited increased effectiveness at increasing concentrations. hhibition of sulfite

oxidation rate in the presence of nitrate was distinct in comparison to other anions tested,

since an initial lag was noticed during substrate oxidation. The duration of the lag

increased with increasing anion concentration. Some typical inhibitory responses to

nitrate during sulfite oxidation is illustrated in Figure 6 (c).

Chloride. The effect ofpotassium chloride (KCl) on the rate of endogenous

respiration and substrate oxidation was investigated. In general, chloride had no effect on

endogenous respiration rate (either by exogenous ferric iron reduction measurements or

by oxygen consumption measurements) and also on sulfite oxidation rate.

The possibility of anions collapsing ÂY of cells is strictly dependent on the ability

of anions to enter cells. The only way anions can enter cells electrophoretically is if AY

was of opposite polarity (positive inside). In the research, the cation

methyltriphenylphosphonium (TPMP*¡ had no effect on endogenous respiration and

sulfite oxidation. It may be that the cation was excluded from the cells since it is of the

same polarity as the AY of the cells. Additionally, previous reports have suggested a
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positive ÂY for acidophiles (Cox et al., t979 ; Matin et a1.,1982 ; Alexander et al.,

1987). As a result, it may be safe to assume fhat:r;rA. thiooxidans strain ATCC 8085 the

AV value is of positive polarity, and the ability of anions to enter cells and collapse ÂY is

very much a reality.

In the research, the permeant anion thiocyanate and the lipohillic anion TPB- both

stimulated endogenous respiration and inhibited sulfite oxidation. The stimulation of

endogenous respiration was much more obvious in the ferric iron reduction studies

involving TPB- but clearly obvious in both ferric iron reduction studies and oxygen

consumption studies involving thiocyanate. The anions probably collapsed Lpby

neutralizing the positive ÂY component and therefore permitting Ff to leak in from the

acidic outside (outside pH:3). The proton pumping system operates to re-establish Ap

but as more tf enter at high anion concentration, it becomes overwhelmed. The collapse

in Ap most likely initiated the uncoupling of oxidation from phosphorylation, leading to

the oxidative component operating unhindered. The stimulation of endogenous

respiration and inhibition of substrate oxidation by respiratory uncoupling suggests once

agaíntwo different types of controls in operation. For endogenous respiration, the control

often associated with a mitochondrial electron transport system or that of heterotrophic

cells may be proposed, whereas for substrate oxidation, the energized state of the cell or

Âp maintenance exerts a strong control.

The effect mediated by nihate was consistent with the results obtained with the

other anions tested (stimulation of endogenous respiration rate and inhibition of substrate

oxidation rate). However, it was also unusual in certain aspects. The time dependent

stimulation of endogenous respiration and the prominent lag during substrate oxidation



38

may indicate a slow permeability of the anion across the cell membrane. In comparision,

thiocyanate and TPB- generated effects that were much more instantaneous, suggesting a

more rapid permeation into the cell.

The inabitity of chloride to exert an effect may be due to complete exclusion of the

anion from the cell.

Additionally, it was interesting to note that the degree of stimulation of endogenous

respiration and inhibition of sulfite oxidation followed the order SCN > NOs- > Cl (with

Cl- exhibiting virtually no effect). The order is similar to that of the Hofrneister series for

chaotrophic anions @arasegian,1995 ; Leberman and Soper, 1995 ; Suzuki et al., 1999).

Perhaps, the degree of permeability of these anions across the plasma membrane of strain

ATCC 8085 may be reflected in their order in the Hofrneister series.

Effect of weak acids

The ApH component of Lp may be collapsed by using weak acids. V/eak acids

dissociate (HA <+ tf + e-¡ based on their dissociation constants (pK). The protonated

form (HA) passes freely back and forth across the cell membrane, whereas the

deprotonated form (A ) does not. At a pH value equal to the pÇ, equal proportions of HA

and A- will be present. At pH values above th, pIÇ, the proportion of A- increases with

increasing pH. In contrast, at pH values below th, pIÇ, HA predominates. Once the weak

acid diffuses into a cell, intemal HA will dissociate based on intracellular pH. The

dissociation lowers internal HA concentration as well as the pH. Subsequently, a new

round of equilibration is initiated resulting in further internal accumulation of HA. The

cycle is continued until internal pH is equal to extemal pH. Therefore, the net effect is the
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collapse of the ÂpH component of Lp. The intracellularpH for acidophiles has been

determined to be near neutrality (Ingledew, 1982) over a wide range of external pH in

such organisms as A.feruooxidans (Cox et a1.,1979 ; Alexander et a1.,1987), Bacillus

acidocaldarizs (Oshimaet a1.,1977 ; Krulwich et a1.,1978) artdThermoplasma

acidophilun (Hsung and Haug, 1975 ; Searcy, 1976). Weak acids used in the research

included hydrofluoric acid, monocarboxylic acids - acetic acid, propionic acid, butyric

acid, lactic acid, formic acid, dicarboxylic acids - fumaric acid, malic acid, succinic acid,

and the tricarboxylic acid - citric acid.

Acetic acid. The pKu of acetic acid is 4.75. Acetic acid (50 pM * 25 mM) had no

effect on the rate of exogenous ferric iron reduction by endogenous respiration. In

contrast, the weak acid seemed to show some stimulation of the rate of oxygen

consumption by endogenous respiration (Table 6, Figure 7 (a)).

The effect of acetic acid on the rate of sulfite oxidation was clearly inhibitory. The

weak acid exhibited increased effectiveness at increasing concentrations (Table 6). A

typical inhibitory response to the weak acid during sulfite oxidation is illusfated in

Figure 7 (b).

Hydrofluoric acid. The pK" of hydrofluoric acid is 3.45 . Hydrofluoric acid

inhibited the rate of exogenous ferric iron reduction by endogenous respiration (Table 7,

Figure 8 (a)). The weak acid exhibited increased effectiveness at increasing

concentrations. Likewise, hydrofluoric acid inhibited the rate of oxygen consumption by

endogenous respiration (Table 7, Figure 8 (b)).

The effect on the rate of sulfite oxidation by.hydrofluoric acid was also inhibitory

(Table 7), The weak acid exhibited increased effectiveness at increasing concentrations.
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A typical inhibitory response to the weak acid during sulfite oxidation is illustrated in

Figure 8 (c).

Propionic acid. The pKu of propionic acid is 4.89 . Propionic acid (1 pM + 10

mM) had no effect on the rate of exogenous ferric iron reduction by endogenous

respiration. In contrast, the weak acid seemed to show some stimulation of the rate of

oxygen consumption by endogenous respiration (Table 8, Figure 9 (a)).

The effect on the rate of sulfite oxidation by propionic acid was clearly inhibitory

(Table 8). The weak acid exhibited increased effectiveness at incresing concentrations. A

typical inhibitory response to the weak acid during sulfite oxidation is illustrated in

Figure 9 (b).

Butyric acid. The pK" of butyric acid is 4.82. Butyric acid (1 pM - 10 mM) had

no effect on the rate of exogenous ferric iron reduction by endogenous respiration.

However, the weak acid did appear to stimulate the rate of oxygen consumption by

endogenous respiration (Table 9, Figure 10 (a).

Butyric acid clearly inhibited the rate of sulfite oxidation (Table 9). The weak acid

exhibited increased effectiveness at increasing concentrations. A typical inhibitory

response to the weak acid during sulfite oxidation is illushated in Figure 10 (b).

r.actic acid. The pÇ of lactic acid is 3.86 . Lactic acid (1 pM - 10 mM) exerted

very little influence on the rate of exogenous ferric iron reduction by endogenous

respiration. At 10 mM lactic acid, however, some inhibition of the reaction rate was

noticed (Table 10). Lactic acid exerted very little inlluence on the rate of oxygen

consumption by endogenous respiration. However, at 8.3 mM lactic acid, some inhibition

of oxygen consumption rate was also noticed (Table 10).
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The effect on sulfite oxidation rate by lactic acid was clearly inhibitory (Table l0).

Lactic acid exhibited increased effectiveness at increasing concentrations. A typical

inhibitory response to the weak acid during sulfite oxidation is illushated in Figure 11

(c).

Formic acid. The pÇ of formic acid is3.74. The effect exerted by formic acid

was distinct in comparison to other weak acids tested. In the experiments, the weak acid

was stoichiometrically oxidized by the bacterium (HCOOH + %Oz ---+ COz+ HzO) (Table

11, Figure L2 (a)). The rate of oxidation increased with increasing concentrations of the

compound, however, at higher concentrations, a decrease in the rate of oxidation was also

noted. Results suggested that the role of formic acid may be that of a substrate rather than

that of a weak acid, but at higher concentrations the inhibition may be due to the

acidification of the cells. It is worth mentioning that A.ferrooxidans has been shown to

grow on formic acid when the substrate supply was growth limiting (Pronk et a1.,1991).

Formic acid oxidation by whole cells of the bacterium was strongly inhibited at substrate

concentrations above 100 pM which is in agreement with results obt¿ined withA.

thiooxidans (formic acid concentrations >170 pM appeared to be inhibitory). Pronk et al.

(1991) also reported that the oxidation of formic acid by cell extracts was NAD(P)

independent.

The possibility of formic acid behaving as a substrate \ryas fi.rrther investigated

using an uncoupler (CCCP). In the presence of an uncoupler, the rate of substrate

oxidation is expected to be inhibited, as previously demonstrated with sulfite (Table 2,

Figure 3(c)). Therefore, if formic acid was really behaving as a substrate, then the rate of

oxidation would be inhibited upon CCCP addition. Results revealed an inhibition in
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oxygen consumption upon CCCP addition to cells actively oxidizing formic acid (Figure

13 (a), thus providing some confirmation for the role of formic acid as that of a

subsüate.

The addition of exogenous ferric iron to cells actively oxidizing formic acid also

resulted in an inhibition of oxygen consumption (Figure 13 (b)). Results suggested that

the transfer of electrons from formic acid oxidation to exogenous ferric iron reduction

may be possible. The coupling of formic acid oxidation to exogenous ferric iron

reduction was investigated in the next part of this thesis.

Malic acid. The pK"'s of malic acid are 3.4 and 5.05. Malic acid (100 nM ---+ 10

mM had no effect on the rate of exogenous ferric iron reduction by endogenous

respiration. Malic acid did however appear to stimulate slightly the rate of oxygen

consumption by endogenous respiration (Table 12, Figure la (a).

The effect of malic acid on the rate of sulfite oxidation is shown in (Table l2).

Malic acid exhibited weak inhibition up to 0.83 mM, but strong inhibition above 4.2 mll4.

A tlpical inhibitory response to malic acid during sulfite oxidation is illusfated in Figure

14 (b).

Succinic acid. The pÇ's of succinic acid are 4.19 and 5.57 . Succinic acid clearly

stimulated the rate of exogenous ferric iron reduction by endogenous respiration (Table

13, Figure 15 (a). Peak stimulation was observed at0.2 mM succinate. At higher

concentrations of the weak acid, reduced stimulation and inhibition were also prevalent.

The effect of the weak acid on the rate of oxygen consumption by endogenous respiration

was also clearly stimulatory (Table 13, Figure 15 (b).Peak stimulation was observed

around 0.17 ---+ 0.83 mM succinic acid.
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The effect of succinic acid on the rate of sulfite oxidation was inhibitory (Table

13). The weak acid Succinate exhibited increased effectiveness at increasing

concentrations. A tlpical inhibitory response to the weak acid dwing sulfite oxidation is

illustrated in Figure 15 (c).

tr'umaric acid. The plÇ's of fumaric acid are 3.03 and 4.47.FurnaÅc acid

stimulated the rate of exogenous ferric iron reduction by endogenous respiration (Table

14, Figure 16 (a). Peak stimulation was observed around 0.1 ---+ 0.5 mM. The effect of

fumaric acid on the rate of oxygen consumption by endogenous respiration was also

clearly stimulatory (Table 14, Figure 16 (b). Peak stimulation was observed at 0.1 - 0.2

mM fumaric acid.

The effect of fumaric acid on the rate of sulfite oxidation was inhibitory (Table 15).

The weak acid exhibited increased effectiveness at increasing concentrations. A typical

inhibitory response to the weak acid during sulfite oxidation is illustrated in Figure 16

(c).

Citric acid. The plÇ's of citric acid are 3.06,4.74, and 5.4 . Citric acid (10 pM r

10 mM) exerted very little effect on the rate of exogenous ferric iron reduction by

endogenous respiration. However, at 10 mM citric acid, some inhibition of ferric iron

reduction rate was apparent (Table 15, Figure 17). Possibly, the inhibition may be due to

the chelation of ferric iron by citric acid, thus making ferric iron unavailable for reaction.

It is noteworthy, that when the cells \¡/ere suspended in 0.1 M sodium citrate pH 3, ferric

iron reduction was not possible, thus giving some weight to the previous claim. Citric

acid (83 pM - 8.3 mM) also exerted very little effect on the rate of oxygen consumption

by endogenous respiration. However, when the cells were suspended in a citratebuffer
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(0.1 M Na-Cihate pH 3) the rate of oxygen consumption by endogenous respiration was

faster than the rate in 0.1 M B-alanine-HzSO¿ pH 3 buffer. Possibly at this high

concentration of citric acid, the cells were uncoupled and.stimulation is apparent.

Addition of uncouplers to cells suspended in citrate buffer resulted in the inhibition of

endogenous respiration (as measured by oxygen consumption) (data not shown).

Citric acid (83 pM - S.3 mM) exerted very little influence on the rate of sulfite

oxidation. Cells suspended in citrate buffer generated sulfite oxidation rates similar to

cells suspended in p-alanine buffer of equal concentration. The rate of sulfite oxidation in

citrate buffer suspended cells was also inhibited by uncouplers (data not shown).

Of all the weak acids tested, the highest degree of stimulation of endogenous

respiration rate was observed in the presence of succinic acid and fumaric acid.

Additionally, the concentrations causing peak stimulation were low (0.1 -' 0.2 mM) in

comparison to other weak acids tested. Therefore, the possibility of succinic acid and

fumaric acid behaving as substrates rather than as weak acids was investigated. For the

investigation, the uncouplers (2,4-DNP, CCCP) were used in the presence of either of

these two acids. Two outcomes were possible in the presence of an uncoupler. Úritially,

the rate of endogenous respiration may be further stimulated as a result of a cumulative

effect with an uncoupler, thus implicating these compounds as weak acids. Altematively,

the observed stimulation in the presence of these compounds may be inhibited upon an

uncoupler addition, thus suggesting the role of these compounds as substrates and

analogous to sulfite and now possibly formic acid oxidation. In general, results revealed

that the stimulation caused by either succinic acid or fumaric acid was not inhibited by

uncoupler addition (Figures 18 (a) and (b), Figures 19 (a) and (b)), however a cumulative
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effect was also not very easily observed. There is some evidence that in the presence of

2,4-DNP and succinic acid or fumaric acid a cumulative effect may be present in the

oxygen consumption studies @igures 18 (b) and 19 (b)). h general, the stimulation in the

presence of an uncoupler and either succinic acid or fumaric acid was similar to the

stimulation in the presence of an uncoupler alone.

The dat¿ presented, with respect to the weak acids tested, provides some evideince

for the maintenance of the intracellular pH of A. thiooxidans strain ATCC 8085 at a pH

higher than the external pH of 3, and possibly even near neutrality, as in other

acidophiles. This is so because at a pH below the pÇ of a weak acid, the acid is expected

to enter cells in undissociated form down its concentration gradient and only once inside

does it dissociate based on intracellular pH (pH¡n > pÇ). The dissociation of the weak

acid inside the cell permits the entry of more acid in order to re-establish an equilibrium.

The overall effect, however, is a decrease in the intracellular pH of the cell and the

collapse of the A,pH component of Àp.

The ability to collapse the Lp of the cells by collapsing the ÂpH component was

achieved with some of the weak acids tested. This was suggested by the stimulation of

endogenous respiration and the inhibition of substrate oxidation. The stimulation,

however, was not as apparent as in the previous studies with uncouplers and anions.

Nevertheless, stimulation of endogenous respiration by the uncoupling of oxidation from

phosphorylation once again supports the hypothesis that the respiratory control of

endogenous respiration is reminiscent of mitochondrial electron transport system or that

of heterotrophic bacteria. In such systems, the uncoupling of oxidation from

phosphorylation results in the oxidative component operating unhindered at its maximal
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rate. The collapse of Ap and the subsequent inhibition of sulfite oxidation and now

possibly formate, reiterates the importance of maintaining an energized state of the cell

for substrate oxidation in this bacterium.

The peculiarity observed with hydrofluoric acid where both the rate of endogenous

respiration and that of subsfrate oxidation were strongly inhibited by the weak acid may

be due to an adversarial effect exhibited by the fluoride anion upon particular

inhacellular enzyme(s) possibly required for the viability of the cells. The behavior of the

fluoride anion as an enzyme poison has been previously mentioned (Marquis, 1995).

Effect of terminal cytochrome oxidase inhibitors

Cyanide (KCl.l) and azíde (NaNs) were utilized in the research to elucidate the

effect of terminal cytochrome oxidase inhibitors on the control of endogenous respiration

and substrate oxidation. Cyanide is toxic to most living organisms owing to the high

affinity of the chemical to iron of the heme protein (Knowles, L976; Knowles and Bunch,

1986; Chena Liu, 1999). As a result, cyanide is commonly used to inhibit the activities of

terminal cytochrome oxidases. The degree of cyanide binding to an oxidase is often

affected by the prosthetic groups of the porphyrin ring structure of the heme protein

(Chena and Liu, 1999). Like cyanide, azide is also commonly used as a standard inhibitor

of terminal oxidases.

Cyanide. Potassium cyanide (KCN) (10 ¡rM -- 10 mM) had no effect on the rate

of exogenous ferric iron reduction by endogenous respiration. In conhast, cyanide

exhibited an inhibitory effect on the rate of oxygen consumption by endogenous
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respiration (Table 16, Figure 20 (a)). The effectiveness of cyanide as an inhibitor of

oxygen consumption rate increased at increasing concentrations.

The effect of cyanide on the rate of sulfite oxidation was also inhibitory (Table l6).

Cyanide exhibited increased effectiveness at increasing concentrations. However,

complete inhibition of the rate of sulfite oxidation was not observed (Figure 20 (b).

Azide. The effect of sodium azide (NaN3) on the rate of exogenous ferric iron

reduction by endogenous respiration w¿rs stimulatory (Table 17, Figure 2l (a)). Azide

exhibited increased effectiveness at increasing concentrations. At higher concentrations

of azide,however, stimulation in the early stages of incubation was apparent with

reduced stimulation or inhibition in the latter stages of incubation. Peak stimulation of the

rate of exogenous ferric iron reduction by endogenous respiration throughout the allotted

incubation period was observed at L2 nrM NaN¡. At 16 rnM NaN¡, however, stimulation

in the early stages of incubation was higher than that at 12 mMNal.I¡ but decreased with

time. The effect of azide on the rate of oxygen consumption by endogenous respiration

was also stimulatory (Table 17, Figure 21 (b)). Azide exhibited increased effectiveness at

increasing concentrations. Peak stimulation was observed around 13 ---+ 2l mMNaN¡.

Reduced stimulation by azide was also noticed at higher concentrations.

The effect of azide on the rate of sulfite oxidation was inhibitory (Table I7). Azide

exhibited increased effectiveness at increasing concentrations. Unlike cyanide, complete

inhibition of the sulfite oxidation rate was possible with azide. A typical inhibitory

response to azíde during sulfite oxidation is illustrated in Figure 2I (c).

Known inhibitors of terminal oxidases, cyanide and azide, acted differently with

respect to the endogenous respiration rate but simila¡ly towards sulfite oxidation rate. The
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effect exhibited by cyanide on endogenous respiration rate differed when measured by

either exogenous fenic iron reduction or by oxygen consumption. The inhibition of

oxygen consumption rate by endogenous respiration was as expected since cyanide is a

potent inhibitor of terminal cytochrome oxidases. The rate of ferric iron reduction from

endogenous respiration \ryas not at all inhibited by cyanide suggesting that the electron

pathway to ferric iron from endogenous electron source may deviate from the pathway to

oxygen.

The inability to completely inhibit oxygen consumption by endogenous respiration

and also sulfite oxidation by cyanide is worth noting. V/ith respect to sulfite oxidation,

Masau et al. (2001) suggested that the ability of cyanide to form complex ions of some

metals (ie. Cu*r (Dean, 1985) may in turn stimulate the chemical oxidation of sulfite.

Since sulfite was prepared in anaerobic water as opposed to an EDTA solution (sulfite in

an EDTA solution minimizes free radical oxidation of the substrate particularly in the

presence of metals (Harahuc and Suzuki, 2001)), then there may exist a possibility for the

presence of such metals in the reaction mixture. However, the presence of cyanide

tolerant d-type cytochrome in thiosulfate grown strain ATCC 8085 (Masau et a1.,200I)

and the possibility of it conferring some cyanide tolerance to the organism should not be

easily dismissed either. The role of d-type cytochrome conferring cyanide tolerance to the

bacterium may provide a more wrifying explanation for both endogenous respiration and

sulfite oxidation results wherè cyanide was not a complete inhibitor of electron flow.

Azíde stimulation of endogenous respiration may be due to the inhibitor behaving

as a weak acid and thus uncoupling oxidation from phosphorylation by collapsing the

ÂpH component of Lp. The pIÇ of hydrazoic acid (HNt is 4.7 , therefore it can flow
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down its concentration gradient and dissociate to generate H* and N¡ in the higher pH of

the internal environment. The inhibition of sulfite oxidation by azíde may be due to its

weak acid role especially at higher concentrations but at lower concentrations its role as a

terminal oxidase inhibitor is more applicable.

Data procured with azide further supports the concept of the maintenance of Âp or

enerySzedstate of the cell for exogenous substrate oxidation, however, the dissipation of

this parameter results in the inhibition of exogenous substrate oxidation and stimulation

of endogenous substrate(s) oxidation.

Effect of complex I inhibitors

Complex I catalyzes the transfer of electrons from the oxidation of reduced

pyridine nucleotides (\IADP(H)) to ubiquinone in a reaction that is associated with

proton translocation across the membrane. There are a wide variety of complex I

inhibitors acting at or close to the ubiquinone reduction site. One of the most widely used

inhibitors of complex I is rotenone. Rotenone consists of a five-ring structure (A- to E-

rings) in which the entire stereochemical structure is said to influence its inhibitory

potency (Miyoshi 1998). In addition to rotenone, the barbiturate amytal has also been

shown to exert an equally effective inhibitory response on complex I. The effect of

complex I inhibitors on the control of endogenous substrate(s) oxidation and exogenous

substrate oxidation was therefore investigated.

Rotenone. The effect of rotenone on the rate of exogenous ferric iron reduction by

endogenous respiration was inhibitory (Table 18, Figure 22 (a)). hhibition with rotenone,

however, was only observed after 5 min of preincubation with the cells prior to initiation
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of the reaction by exogenous ferric iron addition. In the absence of preincubation,

rotenone (5 pM + 0.5 mM) had no effect on the rate of endogenous respiration measured

by exogenous ferric iron reduction. With preincubatior¡ rotenone exhibited increased

effectiveness at increasing concentrations. The effect of rotenone on the rate of oxygen

consumption by endogenous respiration was analogous to the ferric iron reduction studies

(Table 18, Figure 22 þ)).

The effect of rotenone on the rate of sulfite oxidation was inhibitory (Table 18).

Rotenone exhibited increased effectiveness at increasing concentrations. A typical

inhibitory response by rotenone during sulfite oxidation is illushated in Figure 22 þ).

Amytal. The effect of amytal on the rate of exogenous ferric iron reduction by

endogenous respiration was stimulatory (Table 19, Figure 23 (a)). Amytal exhibited

increased effectiveness at increasing concentrations. However, at higher concentrations

of amytal, reduced stimulation was also noticed. Peak stimulation was observed around 1

mM amytal. The effect of amytal on the rate of oxygen consumption by endogenous

respiration was also stimulatory (Table 19, Figure 23 (b)). Similar to the exogenous ferric

iron reduction studies, high concentrations of amytal were less stimulatory and even

inhibitory. Peak stimulation was observed around 0.83 -' 1.3 mM amytal.

Amytal (.2 ¡tM-- 8.3 mM) had no effect on the rate of sulfite oxidation.

Atabrine. Atabrine is also a common complex I inhibitor. Atabrine, however, had

no effect on the rate of endogenous respiration measured by either exogenous ferric iron

reduction (0.1 ¡rM -' 1 mM) or by oxygen consumption (83 nM ---+ 0.83 mM). The

inhibitor $.2 ¡tl|l4 ---+ 0.42 mM) also exerted very little effect on the rate of sulfite

oxidation by the bacterium.
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The inhibition of endogenous respiration rate by rotenone may suggest the

involvement of complex I in endogenous respiration. Possibly, reduced pyridine

nucleotides (NAD(P)Ð serving as the source for endogenous elecfron flow. The

inhibition of sulfite oxidation rate by rotenone may imply some coupling between

substrate oxidation and NAD(P)H synthesis. Sulfite oxidation donating electrons for

NAD(P)* reduction may be a reasonable explanation for this observation. To date,

evidence for the direct reduction of pyridine nucleotides (Eo' of NAD*/NADH couple:

-320 rY;NADP*/NIADPH couple : -324mV) by sulfite oxidation ( Eo' : SOg2TSO¿2-

couple : -516 mV) is not known and therefore it may only occur through reversed

electron transport using electron transport chain constituents. Also at this stage, the flux

of electrons from substrate oxidation for NAD@)+ reduction is not, yet known. Roth et al.

(1973) have reported that the rate of pyridine nucleotide reduction by thiosulfate

oxidation to be less than t%o the rate of thiosulfate oxidation by oxygen, in the autohoph

H. neapolitanus.

Corroboration of the results obtained with rotenone by amytal proved to be futile as

the inhibitor stimulated the rate of endogenous respiration and had no effect on the rate of

sulfite oxidation. Stimulation of endogenous respiration rate by amytal may be due to the

collapse of Lp.An uncoupling action by amytal (- 4 mM) has been previously suggested

@oonstra et al., 1979).It appears that the uncoupling may be due to the behavior of

amytal as a weak acid which is said to exist in the proton complexes H2-amytal and H-

amytal- @oonstra et a1.,1979). Both Hz-amytal and H-amytal- are also said to be

membrane permeable. It is possible that one of the forms enters cells down its

concentration gradient and dissociates to generate If, in the process collapsing the ApH
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component of Lp and thus uncoupling oxidation from phosphorylation. It was surprising

to note that sulfite oxidation rate was not at all inhibited by amytal, even with the

possibility of the inhibitor behaving as an uncoupler of oxidative phosphorylation. In

previous examples, exogenous substrate oxidation rate was readily inhibited upon the

collapse of Lp. The stimulation of endogenous respiration rate by the collapse of Ap was

however consistent with the results observed so far.

Effect of bq complex inhibitor

The bq complex is a key component of both mitochondrial and bacterial

respiratory chains. A functionally similar but structurally simpler version of the

mitochondri al bctcomplex is said to be located in the plasma membrane of a wide

variety of bacterial cells (Darrouzet et a1.,1999 ; Hunte et a1.,2003). The functional core

of the enzpe was found to be made up of three subunits containing two å-type hemes

(å¡¡ and å¡; cytochrome b), a c-type cytochrome (cytochrome c1), and[2Fe-2S] cluster

called the Rieske center. The role of the åc1 complex is to catalyze the transfer of two

electrons from their substrate, ubiquinol, to the one-electron acceptor cytochrome c,

concomitantly with the generation of an electrochemical gradient across the membrane

@arrouzet et a1.,1999 ; Hunte et a1.,2003).It is generally accepted that bcl complexes

function via the modified Q-cycle mechanism, the key feature being the bifircation of

electrons (Mitchel, 1976). A common inhibitor of the óc1 complex is 2-heptyl-4-

hydroxyquinoline-l/-oxide (HQNO).

HQNO. The effect of HQNO on the rate of exogenous ferric iron reduction by

endogenous respiration was stimulatory (Table 20, Figure 24 @D. The inhibitor exhibited



53

increased effectiveness at increasing concentrations. However, at higher concentrations,

initial stimulation followed by inhibition and also just inhibition of iron reduction rate

were observed. HQNO exertcd little effect on the rate of oxygen consumption by

endogenous respiration, except at the highest concentration of the inhibitor tested, where

the rate of oxygen consumption by endogenous respiration did appear to be inhibited

(Table 20, Figure 24 þ)).

The effect of HQNO on the rate of sulfite oxidation was clearly inhibitory (Table

20). The inhibitor exhibited increased effectiveness at increasing concentrations. A

typical inhibitory response to HQNO during sulfite oxidation is illushated in Figure 24

(c).

The inhibitory effect exerted by HQNO on the rate of sulfite oxidation was

consistent with previous efforts in which the chemical was recognized as a potent

inhibitor of sulfite oxidation by A. thiooxidans (Takakuwa, 1976; Tano et al., 1982 ;

Suzuki et al., L992 ; Nogami et a1.,1997). The inhibitory effect of HQNO is said to be

mediated at the QN site of the åc1 complex, specifically by blocking the flow of electrons

from the heme-åH centre of cytochrome å to UQ (von Jagow and Link, 1986). In effect,

HQNO is strong inhibitor of å-type cytochromes (Tano, 1982; Masau et a1.,2001). The

involvement of å-t1pe cytochromes along with cytochromes of a-, c-, and d-type in the

conductance of electrons derived from sulfite oxidation tnA. thiooxidans has been

suggested (Kodoma et a1.,1970 ;Takakuwa, 1976 ;Tano et al., L982; Nakamura et al.,

1992). Furthermore, working with whole cells of strain ATCC 8085, Masau et al. (200I)

showed that only c-type cytochromes were reduced by subshates in the presence of

HQNO but in the absence of the inhibitor all of the cytochromes were reduced with c-
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type cytochromes always being reduced first. Therefore, in the present study, the

inhibition of sulfite oxidation rate by HQNO was also probably due to the inhibition of

the reduction of á-type cytochrome by reduced c-t1pe cytochrome, thus blocking the flow

of electrons to the terminal electron acceptor (oxygeÐ.

The stimulation of endogenous respiration rateby HQNO was unexpected. A

possible role for HQNO ¿É an uncoupler of oxidative phosphorylation has been

previously suggested ( 100 - 200 pM by Oleskin and Samuilov, 1988) and therefore may

provide the much needed explanation for this observation. However, the precise

mechanism of uncoupling is yet to be resolved, but the presence of OH groups and

hydrophilic and hydrophobic structures in the molecules of this inhibitor may play an

important role (Oleskin and Samuilov, 1988).

In the case of HQNO, one can also argue that the collapse of Lp was responsible

for the inhibition of sulfite oxidation as in the case of classical uncouplers (2,4-DNP and

CCCP), weak acids, or anions. The primary reason being that concentrations of HQNO

which caused stimulation of endogenous respiration also inhibited sulfite oxidation

(Table 20).

In cell free systems, HQNO has been shown to inhibit sulfite oxidation (Takakuwa

et a1.,I976 ;Tano et al.,1982; Nogami et a1.,1997). Additionally, working with a cell

free system of strain ATCC 8085, Masau et al. (2001) showed that only c-type

cytochrome was reduced in the presence of HQNO. In a cell free system, the sulfite

oxidation system is physically exposed without the constraints of closed cell membranes

(Ap) and the substrate can be oxidized without any restrictions. However, the inhibition
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byHQNO can therefore onlybe attributed to the blocking effect of the inhibitor on

electron transport at b-type cytochrome, in the cell free system.

Effect of sulfhydryl-bÍndin g inhibitors

N-ethylmaleimide (NEM) along with Ag+ and Hg2* are generally considered as

sulftrydryl-binding inhibitors due to their speciñcity to bind the protein thiol sulfur. The

effect of sulfhydryl-binding inhibitors on the control of endogenous substrate(s) oxidation

and exogenous subshate oxidation was therefore investigated.

NEM. The effect of NEM on the rate of exogenous ferric iron reduction by

endogenous respiration was inhibitory at lower concentrations and stimulatory at higher

concentrations (Table 2I , Figare 25 (a)). The inhibition of endogenous respiration rate at

lower concentrations of the inhibitor was not complete. The effect of NEM on the rate of

oxygen consumption by endogenous respiration was also inhibitory at lower

concenfrations and stimulatory at higher concenhations (Table 21, Figure 25 (b)).

The effect of NEM on the rate of sulfite oxidation was sfrictly inhibitory (Table

21). The inhibitor exhibited increased effectiveness at increasing concentrations. A

typical inhibitory response to NEM dwing sulfite oxidation is illushated in Figure 25 (c).

Ag*. The effect of Ag* (AgNO¡) on the rate of exogenous fenic iron reduction by

endogenous respiration was inhibitory at lower concentrations and stimulatory at higher

concentrations (Table 22,Figare26 (a)).However, at averyhigh concenfration of Ag*,

inhibition of the rate was also apparent. The inhibition observed with Ag+ at the lower

concentration tested was not complete. The effect of Ag* on the rate of oxygen

consumption by endogenous respiration generated results similar to the exogenous ferric



56

iron reduction studies but with some unique features (Table 22,Figarc26 (b)). The

inhibitory responses at lower concentrations of Ag* were exemplified by a lag period

prior to the initiation of oxygen consumption. The dwation of the lag period decreased

with increasing Ag* concenfrations. On the other hand, the stimulatory response wÍß

exemplified by an initial linear rate of oxygen consumption followed by a decrease in

oxygen consumption. At higher concentrations of Ag*, the initial linear rate of oxygen

consumption also decreased.

The effect of Ag* on the rate of sulfite oxidation was strictly inhibitory (Tabte22).

The inhibitor exhibited increased effectiveness at increasing concentrations. A typical

inhibitory response to Ag+ during sulfite oxidation is illustrated in Figure 26 (c).

Hg'*. The effect of Hg2* (HgCb) was strictly inhibitory on both endogenous

respiration rate (exogenous ferric iron reduction studies, oxygen consumption studies)

and sulfite oxidation rate (Table 23, Figures 27 (a), (b), and (c)).

A partial inhibition of endogenous respiration by low concentrations of NEM

suggests the involvement of sulftrydryl groups in the oxidation of endogenous

substrate(s). The effect of high concentrations of NEM as a stimulator of endogenous

respiration rate was unexpected. Possible explanations for this phenomenon may be

found in reports which have suggested that NEM may behave as a strong oxidizing agent

of respiratory chain components or as an uncoupler of oxidative phosphorylation.

However, the actual mechanism by which the inhibitor exerts its effects has yet to be

resolved. hitially, in the absence of any biological system, spontaneous oxidation of

ferrocyanide (I\4arzulli et a1.,1985(a)) and lüf/V',/['- tetramethylphenylenediamine

(TMPD) (Marzulli et a1.,1985 (a) and (b) was greatly increased by NEM. Moreover,
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NEM was shown to promote the oxidation of mitochondrial respiratory intermediates. In

the presenc e of azide,however, the oxidizing effect was completely inhibited, suggesting

that the stimulation cannot be ascribed to an fureversible damage of mitochondrial

intactness (Zanotti et a1.,1985 (a)). Secondly, in rat liver mitochondria, the gradient of

protons set up across the inner membrane during Ca2* uptake was completely reversed

upon NEM addition (Lofrumento and Zanottí,1978; Lofrumento et a1.,1979).

Therefore, it is possible that in the present research, the stimulation of endogenous

respiration rate may also be due to these documented observations. At lower

concentrations, NEM may be behaving as a sulftrydryl-binding inhibitor (inhibition of

endogenous respiration), but at higher concentrations, the possibility of NEM behaving as

an oxidizingagent or ÍIS an uncoupler of oxidative phosphorylation (stimulation of

endogenous respiration) may be realized.

The stimulatory effect exerted by Ag* on endogenous respiration rate may also be

due to the uncoupling of oxidative phoshorylation in the bacterium. Reports documenting

uncoupler-like effects by Ag* on energy transducing membranes have appeared

(Chappell and Greville, L954; Dibrov et a1.,2002). The inhibitory effect at lower

concentrations of Ag* was most likely due to its role as a sulftrydryl-binding inhibitor.

The inhibitory effect exerted by Hg'* on both endogenous respiration and substrate

oxidation rates at all the concentrations tested suggests that it may be a more potent

sulftrydryl-binding inhibitor than both NEM or Ag*.

In general, the stimulatory effect exerted by both NEM and Ag* was unexpected.

Stimulation, in turn, may be related to their uncoupling effects. Furthermore, the

possibility of NEM behaving as a strong oxidizing agent of respiratory chain components
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maybe considered as well. The inhibition of sulfite oxidation was apparent even with the

lowest concentrations of inhibitor tested thus implicating sulfhydryl-binding as the

probable cause. Additionally, inhibition of sulfite oxidoreductase by sulftrydryl-binding

inhibitors is well hrown (Suzuki, 1994). However, at higher concentrations ofNEM and

Ag*, the possibility of an uncoupled membrane (Lp collapsed) inhibiting substrate

oxidation, as it has been previously demonstrated, should not be overlooked either.

Implication of results

The control of both endogenous respiration and sulfite oxidation inA. thiooxidans

strain ATCC 8085 was investigated using chemical compounds that are known to

collapse Ap (AY - 59ApH). Endogenous respiration and sulfite oxidation were examined

by oxygen consumption. Alternatively, endogenous respiration was also examined by

coupling to exogenous ferric iron reduction (ferrous iron formation). Of the two methods

employed for the examination of endogenous respiration, exogenous ferric iron reduction

by endogenous respiration seemed to be more sensitive to the various chemical

compounds tested allowing for stimulation to be observed much more readily. Secondly,

the technique used for analysis allowed for many separate experiments to be carried out

at once, which in turn afforded numerous trials of a given experiment, thus paving the

way for better statistical accuracy.

h general, results showed that uncouplers, CCCP and 2,4-DNP, stimulated

endogenous respiration. Stimulation of endogenous respiration by uncouplers is

consistent with what would be expected from a mitochondrial electron transport system

or in heterotrophic bactena.In these systems, the collapse of þ by the translocation of
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H* into the cell cytoplasm by the action of the protonophores, leads to the uncoupling of

oxidation from phosphorylation. V/ithout the constraints of the phosphorylating

component of the electron transport chain the oxidative component operates unhindered

at its maxim alrate.Other chemicals which stimulated endogenous respiration included

the permeant anions, some of the weak organic acids, and unexpectedly some typical

electron transport chain inhibitors. Specifically, HQNO, amytal, azíde, NEM, and

AgNO3. Uncoupling effects or weak acid roles may be suggested for these conventional

inhibitors, as previously discussed. Therefore, it can be safely assumed that the bacterium

has a normal, controlled respiratory system, similar to the mitochondrial system or that of

heterotrophic cells, specifically for the oxidation of endogenous substrate(s). htr4.

thíooxidans, endogenous respiration may be the most basic form of respiration and

probably essential for the maintenance and survival of the bacterium. The identity of the

endogenous subshate(s) is not yet known but the partial inhibition of endogenous

electron flow by rotenone may indicate that endogenous respiration may proceed through

complex I, and possibly involve reduced pyridine nucleotides (NAD(P)Ð . The

contribution to the reduced pyridine nucleotide pool by the oxidation of several different

neutral electron donors such as glycerol (10 pM ---+ 10 mM) and ribitol (1 pM -+ 1 mM)

was investigated in the research. In the case of ribitol, ribitol dehydrogenase can generate

NADH from NAD+ via the oxidation of ribitol to ribulose. The latter can then be

converted to ribulose-S-phosphate which can enter the CBB pathway. Unfortunately,

neither of the compounds w¿ts found to increase endogenous respiration in the whole

cells. It should be noted that for A.fenooxidans,poly (p-hydroxybutyrate) has been

suggested to be a major storage product (Ingledew, 1982). Future investigations should
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therefore focus on determining the nature of the endogenous substrate(s) in the

bacterium.

In contrast, the inhibition of sulfite oxidation by compounds that are known to

collapse þ, suggests a respiratory system unlike that of the mitochondrial system or that

of heterotrophic cells, for exogenous substrate oxidation. Inhibition by these compounds

suggests a strong requirement for the maintenance of the energized state of the cell for

substrate oxidation. That is, Ap must remain intact. The requirement for an energized

state of the cell during substrate oxidation may reflect the need of the cell to carry out

energetically uphill reaction(s), possibly in the substrate oxidation pathway itself and/or

substrate oxidation may be coupled to reducing power generation (NAD(P)H), which is

energetically uphill and essential for autotrophic growth. The partial inhibition of sulfite

oxidation by rotenone provides some evidence for the coupling between sulfite oxidation

and reducing power generation catalyzedby complex I . Evidence for the presence of an

energetically uphill reaction in the substrate oxidation pathway itself can be found in the

report by Masau et al. (200I).,Masau et al. showed that in whole cells of strain ATCC

8085, uncouplers prevented the reduction of bd cytochromes by reduced c-t1pe

cytochrome. Possibly, the flow of electrons from c-type cytochrome to å-type

cytochrome is an energy requiring step in the bacterium and not possible when Ap is

dissipated. Similarly, in A.ferrooxidans, there is a report of a potentially uphill reaction

between rusticyanin and cytochro Íûa c4(Giudici-Orticoni et al., ßgg).Furthermore, in

Nítrobacter, electrons from nitrite (NOz) oxidation have to go through an energetically

uphill reaction between cytochrome at (E/ : 350 mV) to cytochrome c (Eo' :270 mY)

(Kiesow, 1967 ; Aleem, 197 7 ; Cobly, 197 6a ; I97 6b) . In A . thíooxidans , exogenous
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substrate oxidation (ie. SO¡2-) is probably essential for the growth of the bacterium such

as in the generation of reducing power for COz fixation. Future investigations should

delve more into quantifying the changes in ÄY and ÂpH in the presence of chemical

compounds that affect Âp. Such an undertaking can only further substantiate the present

claims.



Tables
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Table 1 The effect of 2, -dínttrophenol (2,4-DNP) on the initial rate of endogenous
respiration and sulfite oxidation

Endo genous respiration Sulfite oxidation

Conc. of Initial rate of Initial rate of Initial rate of
2,4-DNP exogenous ferric oxygen

iron reduction consumption
(nmoVmin) (nmoVmin)

oxygen
consumption
(nmoUmin)

50 nM
83 nM
0.1 pM
0.5 pM
0.83 pM
lpM
4.2 ¡tM
5trM
8.3 pM
10 pM
20 ¡tll
50 pM
83 pM
0.83 mM

3.4
3.6

3.8

4.5

5.7

6.2

3.8
4.2

4.4

4.2

7e.4 (s0)

76.8 (51)

6s.6 (s4)

17.8 (47)

14.6 (nd)

6.8 (nd)
2.2 (nd)

7.6

5.6

4.2
3.4
2.6

Some of the results are illustrated in Figures2 (a), (b), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of l00nmol of KzSO¡ (HzSO: + YzOz ---' SO¿2' + 2If. +2e-).

nd - not determined
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Table 2The effect of carbonyl cyanide-m-chlorophenylhydrazone (CCCP) on the initial
rate of endogenous respiration and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of Initial rate of [ritial rate of Initial rate of
CCCP exogenous ferric oxygen oxygen

iron reduction consumption consumption
(nmoVmin) (nmoVmin) (nmoVmin)

50 nM
83 nM
0.1 pM
0.5 pM
0.83 pM
I trM
5pM
8.3 pM
l0 pM
20 pM
50 pM
83 pM
0.1 mM
0.83 mM

3.6
4.0

4.0
3.8

e4.2 (so)

64.8 (s0)

2t.r (47)

1e.2 (nd)

16.0 (nd)

s.a (nd)

4.6
6.3

7.3

6.8

5.2

4.2
4.4

4.8
4.2

4.2
3.4
3.8
3.6

2.2

Some of the results are illustrated in Figures 3 (a), ft), and (c).

The numbers in parentheses indicate the total amount of oxygen consumed by the

oxidation of 100 nmol of KzSO¡ (HzSO t + YrOz --* SO¿2- + zlf' +2e')-

nd - not determined
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Table 3 The effect of potassium thiocyanate (KSCI.D on the initial rate of endogenous

respiration and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of Initial rate of Initial rate of Initial rate of
KSCN exogenous ferric oxygen

iron reduction consumption
(nmoVmin) (nmoVmin)

oxygen
consumption
(nmoVmin)

5.7

7.1

9.5

3.0 83.6 (50)
70.0 (s0)

23.4 (s0)

a.0 (nd)

2.8 (nd)

a.0 (nd)

a.0 (nd)

8.3 pM
40 pM
50 pM
83 pM
0.2 mM
0.4 mM
0.5 mM
0.83 mM
1mM
4.2m]|ul
5mM
8.3 mM

6.6

0.0

4.2

5.0

5.0
4.0

1.4

Results are illustrated in Figures 4 (a), (b), and (c).

The numbers in parentheses indicate the total amount of oxygen consumed by the

oxidation of l00nmol of KzSO¡ (HzSO¡ + %Oz -- SO¿2- + 2IÍ +2e-).

nd - not determined
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Table 4 The effect of tetraphenyl boron (TPB) on the initial rate of endogenous

respiration and sulfite oxidation

Endo genous resPiration Sulfite oxidation

Conc. of
TPB-

hitial rate of
exogenous fenic

iron reduction
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

4.95.1 2.2 40.0 " (s0)
3e.2 (48)
3e.6 (s0)
40.4 (s0)

3e.2 (s0)

2e.6 (s0)

13.8 (s2)

4.0 (nd)

1.8 (nd)

0.83 nM
8.3 nM
83 nM
0.5 pM
0.83 pM
lpM
8.3 ¡rM
10 pM
42 ¡tM
50 pM
83 pM
0.1 mM
0.2 mM
0.5 mM
0.83 mM
1mM
1.5 mM
2mM
5mM

5.1

2.4

))

2.4

2.4

2.0

t.4

1.0

5.2

7.0

7.3 6.2

5.7+2.0
3.3---+1.5

0.0

Results are illushated in Figures 5 (a) and (b).

Italicized results are from a ¿ifferent experiment performed under similar conditions (not

depicted graphicallY).
the numÈers in parentheses indicate the total amount of oxygen consumed by the

oxidation of 100 nmol of KzSO¡ (HzSO 3 + YzOz -- SO¿2- + 2H* +2e').

nd - not determibed
a) Rate of sulfite oxidation in the presence of I o/o (v/v) acetone. In the absence of acetone

the control was 104.8 nmoVmin .
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Table 5 The effect of potassium nitrate (KNOs) on the initial rate of endogenous

respiration and sulfite oxidation

Endogenous respiration Sulñte oxidation

Conc. of Initial rate of Ilritial rate of kritial rate of
KNOs exogenous ferric oxygen

iron reduction consumPtion
oxygen

consumption
(nmoVmin)(nmoVmin) (nmoVmin)

- 3.8 3.4 3.8

50 pM 3.8

83 pM
0.2 mM 4.5

0.83 mM 3.6

1mM 4.8 4.7
5 mM 6.5---+12.6

r 1.0

8.7 --+ 0.0

3.8

2.9+4.2

128.0 (s0)

132.0 (48)

106.4 (so)

28.0--+68.8 (50)

21.6--56.0 (48)

15.6-+41.2 (45)

10.4+23.0 (nd)

8.3 mM
10 mM
13 mM
17 mM
20 mM
21 mM

33 mM
42l¡NI
83 mM

25 mM 10.5---+0.0 14.0 ---+ 0.0 3.0+5.6
2.8--+6.0
3.0---+6.6

2.2---+7.4

Some of the results are illustrated in Figures 6 (a), (b), and (c).

Italicized.results are from a different experiment performed under similar conditions (not

depicted graphically).
The numbers in parentheses indicate the total amount of oxygen consumed by the

oxidation of 100 nmol of Kzso¡ (HzSo 3 r Yzo2 -t so¿2- + 2rÍ +2e-)'

nd - not determined
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Tabte 6 The effect of acetic acid on the initial rate of endogenous respiration and sulfite

oxidation
Endogenous respiration Sulfite oxidation

Conc. of
acetic acid

lritial rate of
oxygen

consumption
(nmoVmin)

Úritial rate of
oxygen

consumption
(nmoVmin)

83 pM
0.42tl¡lNl
0.83 mM
4.2tt¡1Nf
8.3 mM
12.5 mM
16.7 mM
25 mM

143.2 (s0)
128.0 (s0)
107.2 (so)
84.0 (s0)
1e.0 (43)
e.0 (42)

2.6

2.8
3.2
3.0
3.0
2.6

Some of the results are illustrated in Figures 7 (a) and (b).

The numbers in parentheses indicate the total amount of oxygen consumed by the

oxidation of 100 nmol of KzSO¡ (HzSO 3 + YzO2 --* SO¿2- + 2f{ +2e-).
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Table 7 The effect of hydrofluoric acid on the initial rate of endogenous respiration
and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
hydrofluoric
acid

Initial rate of
exogenous ferric

iron reduction
(nmoUmin)

Initial rate of
oxygen

consumption
(nmoVmin)

úritial rate of
oxygen

consumption
(nmoVmin)

4.2 ¡tM
8.3 ¡rM
42 ¡tM
50 pM
83 pM
0.2rnNI
0.42n1NL
0.83 mM
1mM
2.5 mM
4.2ti1NI
5mM
7.5 mM
8.3 mM
10 mM
12.5 mM
25 mM

2.46.5

2.06.1

1.85.9

r.4

1.2

1.01.0

7.0

5.4

112.8 (s0)
104.0 (s2)
e2.0 (s0)
34.8---+84.4 (59¡

20.8--49.4 (48)

s.4 (43)
3.6 (nd)

2.0 (nd)

1.8 (nd)

4.8

1.23.4 2.6
3.1

))
1.5

Some of the results are illustrated in Figures 8 (a), (b), and (c).
Italicized results are from a different experiment performed under similar conditions (not
depicted graphically)
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO¡ (HzSO3 + %Oz * SO¿2' +'úÍ +2e).
nd - not determined
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Table 8 The effect of propionic acid on the initial rate of endogenous respiration and
sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
propionic

acid

Úritial rate of
oxygen

consumption
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

e¡ t lvl
0.42niNI
0.83 mM
4.2 rÍ1NI

8.3 mM
12.5 mM
16.7 mM
25 mM

2.4

2.2
2.8
3.0
3.0
2.8
2.6

116.0 (s0)
ee.z (s0)
42.4---Ð{.a $3¡
34.4-72.8 (50)
16.2 (46)

Some of the results are illusfrated in Figures 9 (a) and (b).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO3 (H2SO s + YrOz - SO¿2- + nÍ +2e').
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Table 9 The effect ofbutyric acid on the initial rate of endogenous respiration and sulfite
oxidation

Endogenous respiration Sulfite oxidation

Conc. of
butyric
acid

úritial rate of
oxygen

consumption
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

83 pM
0.42 mM
0.83 mM
4.2ÍtlNI
8.3 mM
12.5 mM
17 mM
25 mM

2.8

2.4
3.0
3.4
3.2
3.2
2.6

112.0 (50)
e2.0 (46)
e7.6 (s0)
34.4--+7{.a 69¡
12.0--15.4 (48)
6.6 (s0)

Some of the results are illustrated in Figures 10 (a) and (b).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of K.zSO¡ (HzSO t + YzOz -' SO+2- + zIf' +2e-).
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Table 10 The effect of lactic acid on the initial rate of endogenous respiration and sulfite
oxidation

Endo genous respiration Sulfite oxidation

Conc. of Initial rate of Initial rate of Initial rate of
lactic acid exogenous ferric oxygen

iron reduction consumption
(nmoVmin) (nmoVmin)

oxygen
consumption
(nmol/min)

lpM
8.3pM
10 ¡rM
42 ¡tM
83 pM
0.1 mM
0.25 mM
0.42n1N[
0.83 mM
1mM
4.2rrñI
8.3 mM
10 mM

5.6
5.5

3.2

3.2

2.4

104.0 (48)

6s.6 (s4)

72.8 (4e)

Á.0---+27.2 (46)
7.6 (38)

3.a (nd)
0.0

5.8

3.4
3.4

3.0
3.0
3.4

5.7

5.9

4.t

Some of the results are illustrated in Figures 11 (a), (b), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO¡ (HzSO t + lrOz -- SO¿2- + 2IÍ +2e-).

nd - not determined

7l
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Table LL The stoichiometric oxidation of formic acid by A. thiooxidans strain ATCC
8085

Amount of formic
acid added

hitial rate of oxygen
consumption
(nmoUmin)

Amount of oxygen
consumed

(nmol)

2.9
7.6
8.6
9.4
9.4
9.0
6.6
4.0
3.0
3.0
2.8
2.6

Some of the results are presented in Figure 12.
The numbers in parenthesis indicate the expected oxygen uptake (nmol) from the
complete oxidation of the amount of formic acid added (HCooH *r/zo2 ---+ coz+ H2o).
na - not applicable
nd - not determined

0
25 nmol
50 nmol
100 nmol
200 nmol
400 nmol
I ¡rmol
5 pmol
10 pmol
15 pmol
20 pmol
30 ¡rmol

na
t6 (r2.s)
2s (2s)
48 (s0)
90 (100)
161 (200)
nd
nd
nd
nd
nd
nd
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Tabte 12 The effect of malic acid on the initial rate of endogenous respiration and sulfite

oxidation
Endogenous respiration Sulfite oxidation

Conc. of
malic acid

Initial rate of
oxygen

consumption
(nmoVmin)

[ritial rate of
oxygen

consumption
(nmoVmin)

8.3 pM
42 ¡tlul
83 pM
0.42 l¡NI
0.83 mM
1.7 mM
3.3 mM
4.2m]ly{
8.3 mM

3.0
3.0
3.4
3.6
3.6
3.6
3.6
3.8
3.6

t9.2"-+6Ç.$ (66¡
2t.6--.62.4 (66)
18.0-59.2 (68)
25.6-41.6 (68)
17.6-*58.4 (68)
16.0-+40.0 (66)

8.4 (68)
0.0

Some of the results are illustrated in Figures 14 (a) and (b).

The numbers in parentheses indicate the total amount of oxygen consumed by the

oxidation of 100 nmol of K.zSOg (HzSO 3 * YzOz -' SO¿2- + 2Il +2e-)-
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Table 13 The effect of succinic acid on the initial rate of endogenous respiration and
sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of Ldtial rate of [ritial rate of lritial rate of
succinic acid exogenous ferric oxygen oxygen

iron reduction consumption consumption
(nmoVmin) (nmoVmin) (runoVmin)

8.3 pM
42 ¡tM
50 pM
83 pM
0.1mM
0.17 mM
0.2 mM
0.42 mM
0.5 mM
0.83 mM
lmM
2mM
3.3 mM
8.3 mM

5.8

7.0

7.9

7.4

2.6
2.8
4.0

4.0

4.4

4.6

40.4--+104.0 (64)
25.6--92.8 (62)
25.6-64.0 (64)

14.4---+46.4 (62)

6.4--+11.2 (50)

s.2 (48)

0.0

6.9

5.9
5.5

4.6

2.4

Some of the results are illustrated in Figures 15 (a), (b), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO3 (H2SO z + YrOz -' SO¿2- + 2H* +2e').
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Table 14 The effect of fumaric acid on the initial rate of endogenous respiration and
sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
fumaric acid

Initial rate of
exogenous ferric

iron reduction
(nmoVmin)

úritial rate of
oxygen

consumption
(nmoVmin)

Úritial rate of
oxygen

consumption
(nmoVmin)

lpM
5pM
10 pM
50 pM
0.1 mM
0.2 mM
0.25 mM
0.5 mM
lmM

3.0
2.6

4.2 20.0--+68.0 (64)
20.0---+66.4 (66)
18.0--+58.4 (64)
t9.2-55.2 (64)
10.8+28.8 (66)
0.0

5.7
7.0

3.6
4.0
4.2
4.4

6.8
6.9 3.6

2.6

Some of the results are illustrated in Figures 16 (a), þ), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSOs (HzSO z + YrOz -- SO¿2- + 2IÍ +2e-).
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Table 15 The effect of citric acid on the initial rate of
Endogenous respiration

Conc. of
citric acid

Initial rate of exogenous ferric iron reduction
(nmoUmin)

10 trM
0.1mM
lmM
10 mM

4.5
5.0
4.9
5.1
3.2

Some of the results are illustrated in Figure 17
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Table 16 The effect ofpotassium cyanide (KCl.Ð on the initial rate of endogenous
respiration and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
KCN

Initial rate of
oxygen

consumption
(nmoVmin)

hritial rate of
oxygen

consumption
(nmoVmin)

O.S3 plvf
8.3 ¡rM
42 ¡tlll{
83 pM
0.17 mM
0.42ti1NI
0.83 mM
1.7 mM
8.3 mM
Some of the results are illustrated in Figures 20 (a) and (b).

, The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSOs (HzSO¡ + %Oz --' SO¿2- + zIJ+' +2e).

3.8

3.4
3.0
2.8
2.4
1.8

1.9

t.4

110.0 (50)
80.0 (so)
82.0 (46)

40.0 (s0)

27.3 (48)

31.6 (s0)



78

Table 17 The effect of sodium azide (NaN3) on the initial rate of endogenous respiration
and sulfite oxidation

83 nM
0.83 pM
8.3 pM
50 pM
83 pM
0.2 mM
0.83 mM
4.2n1NI
5mM
8mM
8.3 mM

Endogenous respiratron Sulfite oxidation

Conc. of Initial rate of Lritial rate of Initial rate of
NaN¡ exogenous ferric oxygen oxygen

iron reduction consumption consumption
(nmoVmin) (nmoVmin) (nmoVmin)

5.3 3.r 3.4 22.0---+62.0 (50)
26.0--+67.2 (48)
22.0-+30.0 (50)
20.4--'48.0 (50)

11.6---+16.0 (48)

2.2 (nd)

2.4 (nd)
12 mM 11.3
13 mM
16 mM 14.7+8.7
20 mM 11.7---+5.5

21 mM
24mj|l{ 7.8---+3.1

33 mM
Some of the results are illustrated in Figures 21 (a), (b), and (c).
Italicized results are from a different experiment performed under similar conditions (not
depicted graphically).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO3 (H2SO z + YrOz -* SO¿2- + 2I{ +2e-).

nd - not determined

3.9

9.3

5.3

7.9 5.2

7.8

6.6

5.8

7.6
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Table 18 The effect of rotenone on the initial rate of endogenous respiration and sulfite
oxidation

Endogenous respiration Sulfite oxidation

Conc. of Úritial rate of Úritial rate of [ritial rate of
rotenone exogenous ferric oxygen oxygen

iron reduction consumption consumption
(nmoVmin) (nmoVmin) (nmoVmin)

1 trM
4.2 ¡tIN4
10 pM
2l ¡tM
42 ¡tM
50 pM
83 pM
0.1mM
0.21 mM
0.42rîNl
0.5 mM

3.2
7,)

4.t 87.2 (so)

34.4---+$$.4, gg¡

33.6-71.2 (50)
24.8--54.0 (48)

28.0---+58.4 (49)

26.4---+56.0 (48)
22.4---+47.2 (48)

3.03.6

3.2

3.0

3.1

2.6

2.2

2.4

Some of the results are illustrated in Figures 22 (a), (b), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO¡ (HzSO t + t/zOz --- SO¿2- + zIf. +2e).
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Table L9 The effect of amytal on the initiat rate of endogenous respiration

Endogenous respiratron

Conc. of
amytal

hitial rate of
exogenous ferric

iron reduction
(nmoVmin)

kritial rate of
oxygen

consumption
(nmoVmin)

1 tlM
10 FM
83 trM
0.1mM
0.42ntNI
0.63 mM
0.83 mM
lmM
1.3 mM
2.5 mM
4.2 rrlNl
10 mM

3.63.8
4.2
4.8

4.0
6.1

6.9

4.2
4.0
4.4

4.6
3.8
3.2

5.7

Some of the results are illustrated in Figure 23 (a) and (b).
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Table 20 The effect of 2-heptyl-4-hydroxyquinoline-i/-oxide (HQNO) on the initial rate
of endogenous respiration and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of lritial rate of Úritial rate of Initial rate of
HQNO exogenous ferric oxygen oxygen

iron reduction consumption consumption
(nmoVmin) (nmoVmin) (nmoUmin)

0.67 nM
0.8nM
6.7 nNI
8nM
33 nM
67 rñl
80 nM
0.17 pM
0.32 ¡tM
0.33 pM
0.67 pM

4.4

5.3

5.6

6.2

2.4
2.4

2.4

2.4

r.4

133.6 (47)

117.6 (48)

8e.6 (46)
22.4---+ 60.8 (43)

7.8---+ 20.0 (45)
0.0

2.6
2.6

2.6
2.6

0.8 pM 7.8 ---+ 4.1

0.83 pM
1.6 pM
6.7 ¡tM
8pM
67 ¡t}l4

3.5'--+ 1.9

Some of the results are illushated in Figures 24 (a), (b), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of KzSO¡ (HzSOt + lzOz -' SO¿'- + 2Í{ +2e-).
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Tabte 2lThe effect ofN-ethylmaleimide (IVEM) on the initial rate of endogenous

respiration and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
NEM

lritial rate of
exogenous ferric

iron reduction
(nmoVmin)

I¡ritial rate of
oxygen

consumption
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

lpM
8.3 pM
10 pM
42 ¡tM
83 pM
0.1 mM
0.42tnNI
0.5 mM
0.83 mM
lmM
4.2rnNf,
5mM
8.3 mM
10 mM

4.7 6.2
5.9

5.8

4.94.0

2.2

1.8

r.6

1.8

30.4 ---+ 54.0 (50)

22.0 --+ 48.8 (48)

15.2-+37.6(47)
18.0 + 36.0 (48)

t2.8---+21.6 (44)

14.0 ---+ 2s.2 (50)

t4.4 (26)

7.6 (nd)

3.3

4.t 5.1

6.3

6.9

2.4

3.0

Some of the results are illustrated in Figures 25 (a), (b), and (c).

Italicized.results are from a different experiment performed under similar conditions (not

depicted graphically).
The numbers in parentheses indicate the total amount of oxygen consumed by the

oxidation of 100 nmol of ßbSO: (HzSO t + YrOz - SO¿2- + ZI{' +2e-).

nd - not deterrnined
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Table 22The effect of silver nitrate (AgNO3) on the initial rate of endogenous respiration
and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
AS'{O¡

Initial rate of
exogenous ferric

iron reduction
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

8.3 pM
83 pM
0.1mM
0.42m]|yl
0.5 mM
0.63 mM
0.83 mM
lmM
2mlld
4mM
4.2mM
8.3 mM
10 mM

4.0 4.3
3.4

3.0

3.1
0.0 (5 min)---+ l.g

0.0 (2.5 min) --+ ).2

e1.2 (s0)

8e.6 (s0)

61.6 (so)

30.0---+ 43.2 (48)
0.8 (nd)

2.4
2.4
1.0

4.7 4.2
3.8
2.5

2.4 --+ 1.0
1.6 --+ 0.0

0.8

Some of the results are illustrated in Figures26 (a), (b), and (c).
Italicized results are from a different experiment performed under similar conditions (not
depicted graphically).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of þSO¡ (HzSO t + lrOz --- SO¿2- + 2H+ +2e).
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Table 23 T}lre effect of mercuric chloride ç¡tgclz) on the initial rate of endogenous
respiration and sulfite oxidation

Endogenous respiration Sulfite oxidation

Conc. of
HgC12

[ritial rate of
exogenous ferric

iron reduction
(nmoVmin)

Initial rate of
oxygen

consumption
(nmoVmin)

Initial rate of
oxygen

consumption

0.83 pM
8.3 pM
10 ¡rM
2l ¡tM
42 ¡tl|l'4
83 pM
0.1 mM
0.83 mM

3.9

3.4

0.0

3.2
2.8
2.0

nmoVmin)

35.2 ---+ 80.0 (s3)

30.6 -+ 6r.6 (s4)

tt.2--+ 32.0 (50)
8.4 + 18.4 (55)

2.6 (nd)

0.0

1.0

0.0

Some of the results are illustrated in Figures 27 (a), (b), and (c).
The numbers in parentheses indicate the total amount of oxygen consumed by the
oxidation of 100 nmol of þSO¡ (HzSO t + lrOz -* SO¿2- + 2If. +2e-).
nd - not determined
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Figure l Sulfite oxidation by A. thiooxidans strain ATCC 8085. The reactions were
performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 25 mgof cells. KzSOE
at the amounts specified were added at the arrows. The volume of the reaction mixtures
was 1.2 mL.
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Figure 2 (a) The effect of 2, -dtnitrophenol (2,4-DNP) on the rate of exogenous ferric
iron reduction by endogenous respiration. The reactions were performed at 25"C n 0.1 M
p-alanine-HzSO¿ pH 3 and contained 20 mg of cells,4 ¡rmol FeCl3, and 2,4-DNP at the
concentrations specified. The volume of the reaction mixtures was 1 mL . The results
were based on 2 separate trials. The error bars are the standard deviation of the 2 trials.

Figure 2 (b) The effect of 2,4-DNP on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and
contained 25 mgof cells and 2,4-DNP at the concentrations specif,red. The volume of the
reaction mixtures was 1.2 rnl- .
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Figure 2 (c) The effect of 2,4-DNP on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M p-alanine-H2SOa pH 3 and contained 25 mg of cells and2,4-
DNP at the concentrations specified. KzSOg (100 nmol) was added at the Íurows after 5
min of preincubation between the cells and2,4 DNP. The volume of the reaction
mixtures was 1.2 mL.
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Figure 3 (a) The effect of carbonyl cyanide-m-ctrlorophenylhydrazone (CCCp) on the
rate of exogenous ferric iron reduction by endogenous respiration. The reactions were
performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 20 mgof cells, 4 pmol
of FeCl3, and CCCP at the concentrations specified. The volume of theieaction mixtures
was 1 mL . The results were based on 2 separate trials. The error bars are the standard
deviation of the 2 trials.

Figure 3 (b) The effect of CCCP on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25"c in 0.1 M p-alanine-Hzso¿ pH r *a
contained 25 mgof cells and CCCP at the concentrations specified. The volume of the
reaction mixtures was 1.2 mL.
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Figure 3 (c) The effect of CCCP on the rate of sulfite oxidation. The reactions were
performed at25C in 0.1 M B-alanine-H2SOa pH 3 and contained 25 mgof cells and
CCCP at the concentration specified. ß:2SO3 (100 nmol) was added at the affows after 5
min of preincubation between the cells and CCCP. The volume of the reaction mixtures
was 1.2 mL.
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Figure 4 (a) The effect of potassium thiocyanate (KSCN) on the rate of exogenous ferric
iron reduction by endogenous respiration. The reactions were performed at 25C ing.1 M
B-alanine-H2Soa pH 3 and contained 20 mgof cells,4 prmol FeCl3, and KSCN at the
concentrations specified. The volume of the reaction mixtures was 1 mL. The results
were based on 2 separate trials. The error ba¡s are the standard deviation of the 2 trials.

Figure 4 (b) The effect of KSCN on the rate of oxygen consumption by endogenous
respiration. The reactions were performed atZ5C in 0.1 M B-alanine-HzSo¿ pu: *a
contained 25 mgof cells and KSCN at the concentrations specified. The volume of the
reaction mixtures was 1.2 mL.
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Figure 4 (c) The effect of KSCN on the rate of sulfite oxidation. The reactions were
performed at25C in 0.1 M p-alanine-H2SOa pH 3 and contained 25 mgof cells and
KSCN at the concentrations specified. KzSO¡ (100 nmol) was added at the arrows after 5
min of preincubation between the cells and KSCN. The volume of the reaction mixtures
was 1.2 mL.
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Figure 5 (a) The effect of tetraphenyl boron (TPB) on the rate of exogenous ferric iron
reduction_bY endo_genous respiration. The reactions were performed ai25"C in 0.1 M p-
alanine-þsoa pH 3 and contained 20 mgof cells, 4 pmol Fecl3, and TpB- at the
concentrations specified. The volume of the reaction mixtures was I mL . Results were
based on 2 separate trials. The errorbars are the standard deviation ofthe 2 trials.



500

400

E

P 3oo
k
€
Éolr
Øae 200
ke
(d

otr
100

0

-+ Control
---F 0.5 mM TPB-
-+ lmM
-.e 1.5 mM
+ 2mM



93

Figure 5 (b) The effect of TPB- on the rate of sulfite oxidation. The reactions were
performed at25C in 0.1 M B-alanine-H2SOa pH 3 and contained 25 mgof cells and
TPB- at the concentration specified. KzSOs (100 nmol) was added at the a¡1ows after 5
min of preincubation between the cells and TPB-. A control with 1 Vo (v/v) acetone is also
shown. The volume of the reaction mixtures was 1.2 mL.



s (b)

o
E

C)
èo
>'xo
Eo
H

320

310

300

290

280

270

260

250

240

42 FM TPB-

| 7o (v/v) acetone



94

Figure 6 (a) The effect of potassium nitrate (KNO¡) on the rate of exogenous ferric iron
reduction by endogenous respiration. The reactions were performed at 25C inO.1 M B-
alanine-H2soa pH 3 and contained 2o mgof cells,4 pmol Fecl3, and KNo3 at the
concentrations specified. The volume of the reaction mixtures was 1 mL. The results
were based on 2 separate trials. The error bars are the standard deviation of the 2 trials.

Figure 6 (b) The effect of KNO3 on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25C in 0.1 M p-alanine-H2SOa pH 3 and
contained 25 mgof cells and KNO3 at the concentrations specified. The volume of the
reaction mixtures was 1.2 mL.
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Figure 6 (c) The effect of potassium nitrate (KNO¡) on the rate of sulfite oxidation. The
reactions were performed at 25C inO.l M p-alanine-H2SOa pH 3 and contained 25 mg of
cells and KNO3 at the concentrations specified. Sulfite (100 nmol) was added at the
arrows after 5 min of preincubation between the cells and KNO3. The volume of the
reaction mixtures was 1.2 mL.
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FÍgure 7 (a) The effect of acetic acid on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25C in 0.1 M B-alanine-HzSo¿ pH 3 and
contained 25 mg of cells and acetic acid at the concentrations specified. The volume of
the reaction mixtures was 1.2 mL.
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Figure 7 (b) The effect of acetic acid on the rate of sulfite oxidation. The reactions were
performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 25 mgof cells and
acetic acid at the concentrations specified. Sulfite (100 nmol) was addeã at the amows
after 5 min of preincubation between the cells and acetic acid. The volume of the reaction
mixtures was 1.2 mL.
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Figure 8 (a) The effect of hydrofluoric acid on the rate of exogenous ferric iron reduction
by endogenous respiration. The reactions were performed at 25CinQ.1 M p-alanine-
HzSO¿ pH 3 and contained 20 mgof cells, 4 pmol FeCl3, and hydrofluoric acid at the
concentrations specified. The volume of the reaction mixtures was 1 mL . The results
were based on 2 separate trials. The error bars are the standard deviation of the 2 trials.

Figure 8 (b) The effect of hydrofluoric acid on the rate of oxygen consumption by
endogenous respiration. The reactions were performed at ZS;C in0.1 M B-alanine-H2Soa
pH 3 and contained 25 mg of cells and hydrofluoric acid at the concentraiions specified.
The volume of the reaction mixtures was 1.2 mL.
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Figure 8 (c) The effect of hydrofluoric acid on the rate of sulfite oxidation. The reactions
were performed at 25C in 0.1 M p-alanine-H2SOa pH 3 and contained 25 mgof cells and
hydrofluoric acid at the concentration specified. KzSO¡ (100 nmol) was addeã at the
arrows after 5 min of preincubation between the cells and hydrofluoric acid. The volume
of the reaction mixtures was 1.2 mL.
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Figure 9 (a) The effect of propionic acid on the rate of oxygen consumption by
endogenous respiration. The reactions were performed at 25C in0.1 lvt F-alanine-HzSO¿
pH 3 and contained 25 mg of cells and propionic acid at the concentrations specified. The
volume of the reaction mixtures was 1.2 mL.
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Figure 9 (b) The effect of propionic acid on the rate of sulfite oxidation. The reactions
were performed at 25"C in 0.1 M p-alanine-H2SOa pH 3 and contained 25 mgof cells and
propionic acid at the concentrations specified. KzSOg (100 nmol) was added at the affows
after 5 min of preincubation between the cells and propionic acid. The volume of the
reaction mixtures was 1.2 mL.
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FÍgure 10 (a) The effect of butyric acid on the rate of oxygen consumption by
endogenous respiration. The reactions were performed at 25"C inO.1 M B-alanine-H2SOa
pH 3 and contained 25 mg of cells and butyric acid at the concentrations specified. The
volume of the reaction mixtures was 1.2 mL.
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Figure 10 (b) The effect of butyric acid on the rate of sulfite oxidation. The reactions
were performed at 25CinO.1 M B-alanine-H2SOa pH 3 and contained 25 mgof cells and
butyric acid at the concentrations specified. KzSO¡ (100 nmol) was added atihe aïrows
after 5 min of preincubation between the cells and butyric acid. The volume of the
reaction mixfures was 1.2 mL.



4.2 nrNl Butyric acid

10 (b)

Time (min)

o
E 280

Ê
c)
èo
>ìxo
E 260
otr



104

Figure 11 (a) The effect of lactic acid on the rate of exogenous ferric iron reduction by
endogenous respiration. The reactions were performed at 25"C inO.1 M p-alanine-H2SOa
pH 3 and contained 20 mg of cells, 4 ¡rmol of FeCl3, and lactic acid atthe concentrations
specified. The volume of the reaction mixtures was I mL . The results were based on 2
separate trials. The error bars are the standard deviation of the 2 trials.

Figure 11 (b) The effect of lactic acid on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25c in 0.1 M B-alanin"-ursoo pH 3 and
contained 25 mgof cells and lactic acid at the concentrations specified. The vãlume of
the reaction mixtures was 1,.2 rn[- .
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tr'Ígure 11 (c) The effect of lactic acid on the rate of sulfite oxidation. The reactions wereperformed at 25C in 0. I M p-alanine-HzSO¿ pH 3 and contained 2j d ;i;"if, ¿,,¿lactic acid at the concentrations specified. rrdo, (100 nmoi) was added at the ¿uïowsafter 5 min of preincubation between the cells and'Iactic acid. The volume of the reactionmixtures was 1.2 mL.
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Figure l2The stoichiometric oxidation of formic acid by A. thiooxidnnsstrain ATCC8085. The reactions were performed atz5cin 0.1 rø p-aanine-H2soa prr a anacontained 25 mgof cells. Formic acid was added at thå affows at the aniounts specified.The volume of the reaction mixtures was 1.2 mL.
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Figure 13 Formic acid oxidation in the presence of (a) CCCP and (b) exogenous ferric
iron. The reactions were performed at 25oC in0.1 M p-atanine-H2soa pH 3 and
contained 25 mg of cells and CCCP or exogenous ferric iron at the concentrations
specified. Formic acid (200 nmol) was added at the initial affows. CCCP and exogenous
ferric iron were added at the final arrows. The volume of the reaction mixtures was 1.2
mL.
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Figure 14 (a) The effect of malic acid on_therate of oxygen consumption by endogenous
respiration. The reactions were performed at25cin 0.i 

-tr,r p-ut*inË-Hrsoo pH : -acontained 25 mg of cells and malic acid, atthe concentrations specified. The vïlume of
the reaction mixtures was 1.2 mL.
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Figure 14 (b) The effect of malic acid on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M B-alanine-H2SOa pH 3 and contained 25 mgof cells and
malic acid at the concentrations specified. K2SO3 (100 nmol) was addeã at the Íuïows
after 5 min of preincubation between the cells and malic acid. The volume of the reaction
mixtures was 1.2 mL.
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Figure 15 (a) The effect of succinic acid on the rate of exogenous ferric iron reduction by
endogenous respiration. The reactions were performed at zi"C inO.1 M p-alanine-H2SOa
pH 3 and contained 20 mgof cells, 4 ¡rmol FìCl:, and succinic acid at thä concentrations
specified. The volume of the reaction mixtures was I mL . The results were based on 2
separate trials. The error bars are the standard deviation ofthe 2 trials.

Figure 15 (b) The effect of succinic acid on the rate of oxygen consumption by
endogenous respiration. The reactions were performed at zí"c ¡n0.1 Ài p-alaíine-Hzso¿
pH 3 and contained 25 mg of cells and succinic acid at the concentrations specified. Thevolume of the reaction mixtures was 1.2 mL.
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f igure 15 (c) The effect of succinic acid on the rate of sulfite oxidation. The reactions
were performed at 25"C in 0.1 M p-alanine-H2SOa pH 3 and contained 25 mgof cells and
succinic acid at the concentrations specified. KzSOg (100 nmol) was added uith" affows
after 5 min of preincubation between the cells and succini c acid. The volume of the
reaction mixtures was 1.2 mL.
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Figure 16 (a) The effect of fumaric acid on the rate of exogenous ferric iron reduction by
endogenous respiration. The reactions were performed at 25"C in 0.1 M B-alanine-H2SOa
pH 3 and contained 20 mgof cells,4 pmol FeCl3, and fumaric acid at the concentrations
specified. The volume of the reaction mixtures was 1 mL. The results were based on 2
separate trials. The error bars are the standard deviation of the 2 trials.

Figure 16 (b) The effect of fuma¡ic acid on the rate of oxygen consumption by
endogenous respiration. The reactions were performed at Zi"C inO.1 M F-alanine-HzSO¿pH 3 and contained 25 mgof cells and fumaric acid at the concentrations specified. The
volume of the reaction mixtures was 1.2 mL.
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Figure 16 (c) The effect of fumaric acid on the rate of sulfite oxidation. The reactions
were performed at 25"C in 0.1 M B-alanine-H2SOa pH 3 and contained 25 mgof cells and
fumaric acid at the concentrations specified. K2SO3 (100 nmol) was added uitt 

" 
arrows

after 5 min of preincubation between the cells and fumaric acid. The volume of the
reaction mixtures was l.2rnl .
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Figure 17 The effect of citric acid on the rate of exogenous ferric iron reduction by
endogenous respiration. The reactions were performed at 25 in 0.I M p-alanine-H2SOa
pH 3 and contained 20 mg of cells, 4 ¡rmol FeCl3, and citric acid at the concentrations
specified. The volume of the reaction mixtures was 1 mL . The results were based on 2
separate trials. The error bars are the standard deviation ofthe 2 trials.
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Figure 18 (a) The effect of succinic acid on the rate of exogenous ferric iron reduction by
endogenous respiration in the presence of uncouplers, 2,4-DNP and CCCP. The reactions
were performed at 25"Cin0.1 M B-alanine-H2SOa pH 3 and contained 20 mgof cells,4
pmol FeCl3, ild succinic acid and uncouplers at the concentrations specifie¿. ttre
volume of the reaction mixtures was 1 mL. The results were based 2 separate trials. The
errorbars are the standard deviation ofthe 2 trials.

Figure 18 (b) The effect of succinic acid on the rate of oxygen consumption by
endogenous respiration in the presence of uncouplers, (i) 2,4-lNIp an¿ tii) CCôp. fne
reactions were performed at 25"C inO.1 M p-alanine-H2SOa pH 3 and contained 25 mg
of cells and succinic acid and uncouplers at the concentrations specified. The volume of
the reaction mixtures was 1.2 mL.



800

o
Eg 

600

c)

E
€
I 4oo
þ
û
=ok
e 2oo
ã
otr

0

18 (a)

'<- Control
+ 0.lTmMSuccinicacid

-- 8.3 pM 2,4-DNP

-h Succinic acid + 2,4-DNp

18 (b) (ü)

24

320

6 8 t0t2t4 161820

Time (min)

-{- Control
+ 0.17 mM Succinic acid

-r- 8.3 pM CCCP

-+ Succinic acid + CCCP

-F 8.3 pM 2,4-DNP
-+ Succinic acid + 2,4-DNP

18 (b) (Ð

0 2 4 6 8 l0t2t4 161820

Time (min)

-.ts Control
--+- 0.17 mM Succinic acid

-- 8.3 trM CCCP

-+ Succinic acid + CCCp

300

99 2Bo

o
òo
>'
Xo 260

4

F
240

220

320

300

o

99 2Bo
Êt)
þo
Xo 260
(g

oF
240



116

Figure 19 (a) The effect of fumaric acid on the rate of exogenous ferric iron reduction by
endogenous respiration in the presence of uncouplers, 2,4-óNP and CCCp. The reactions
were performed at 25"C in 0.1 M p-atanine-H2SOa pH 3 and contained 20 mgof cells, 4
pmol FeCl¡, and fumaric acid and uncouplers at thJconcentrations specifiedlThe volume
of the reaction mixtures wasl mL. The results were based on 2 sepaiate trials. The error
bars are the standard deviation ofthe 2 trials.

Figure 19 (b) The effect of fumaric acid on the rate of oxygen consumption by
endogenous respiration in the presence of uncouplers, (i) ã+-pNp an¿iii) cc'Cp. ffre
reactions were performed at 25"C in0.1 M B-alanine-H2SOa pH 3 and contained 25 mg
of cells and fumaric acid and uncouplers at the concentrationi specified. The volume of
the reaction mixtures was1.2 mL.
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Figure 20 (a) The effect of potassium cyanide (KCN) on the rate of oxygen consumption
!y9{os_gnous respiration. The reactioni were perfot-.¿ ut 25"c ing.i-M B-alanine-HzSo¿ pH 3 and contained 25 mgof cells an¿ lictt at the concentrations specified. Thevolume of the reaction mixtures wasl.2 mL.
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Figure 20 (b) The effect of KCN on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M B-alanine-HzSO¿ pH 3 and contained 25 mgof cells and
KCN at the concentrations specified. KzSO¡ (i00 nmol) was added at the ¿urows after 5
min of preincubation between cells and KCN. The volume of the reaction mixtures
was1.2 mL.
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Figure 2l (a) The effect of sodium azide (NaN3) on the rate of exogenous ferric iron
reduction by endogenous respiration. The reactions were performed at Z5"C ing.l M p-
alanine-H2Soa pH 3 and contained 20 mgof cells, 4 pmoi FeCl3, and NaN¡ at the
concentrations specified. The volume of the reaction mixtures wasl mL. The results
were based on 2 separate trials. The error bars are the standard deviation of the 2 trials.

Figure 2l (b) The effect of NaN3 on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25"c in 0.1 M B-alanin"-Hrsoo fH r *o
contained 25 mgof cells and NaN¡ at the concentrations specified. The volume of the
reaction mixtures wasl.2 mL.



-ts Control

-æ 8 mMNaN3
---- 12mM
-r 16mM
-{- 20 mM
+ 24mM

â OULo
E
Ê

()

k
€
ã 400
t<

Ø

o
E
e
oF2m

20 30

Time (min)

2t (b)320

300

280

260
ô

; 240
o)
90

ð z2o
Eot< zoo

180

160

-+ Conhol
<- 4.2 roM NuN,

'-- 8.3 mM

-* 13 mM
-{- 21mM
=t> 33 mM

140



120

Figure 2l (c) The effect of NaNg on the rate of sulfite oxidation. The reactions were
performed at25'C in 0.1 M B-alanine-HzSO¿ pH 3 and contained 25 mgof cells and
NaNs at the concentrations specif,ted. K2SO3 (100 nmol) was added at the anows after 5
min of preincubation between the cells and NaN¡. The volume of the reaction mixtures
was1.2 mL.
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tr'igure 22 (a) The effect of rotenone on the rate of exogenous ferric iron reduction by
endogenous respiration. The reactions were performed at 25"C in0.l M B-alanine-H2SOa
pH 3 and contained 20 mg of cells, 4 ¡rmol FeCl3, and rotenone at the concentrations
specified. The volume of the reaction mixtures wasl mL . The results were based on 2
separate trials. The error bars are the standard deviation of the 2 trials.

Figure 22 (b) The effect of rotenone on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25"c in o.r M p-alanúe-Hzs-o¿ pH 3 and
contained 25 mg of cells and rotenone at the concentrations specified. The uoÎu.n" of the
reaction mixtures was1.2 mL.
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Figure 22 (c) The effect of rotenone on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M B-alanine-HzSO¿ pH 3 and conrained 25 mgof cells and
rotenone at the concentrations specified. KzSO¡ (100 nmol) was added at the arrows after
5 min of preincubation between the cells and rotenone. The volume of the reaction
mixtures was 1.2 mL.
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Figure 23 (a) The effect of amytal on the rate of exogenous ferric iron reduction by
endogenous respiration. The reactions were performed at 25"C inO.l M p-alanine-þSOa
pH 3 and contained 20 mg of cells,4 ¡rmol FeCl3, and amytal at the concentrations
specified. The volume of the reaction mixtures wasl mL . The results were based on 2
separate trials. The error bars a¡e the standard deviation of the 2 trials.

Figure 23 (b) The effect of amytal on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25'Cin 0.1 M B-alanine-H2SOa pff f anA
contained 25 mgof ceils and amytal at the concentrations specified. The volume of the
reaction mixtures was1.2 mL.
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Figure 24 (a) The effect of 2-heptyl4-hydroxyquinoline-N-oxide (HeNO) on the rate of
exogenous ferric iron reduction by endogenous respiration. The reactiòns were performed
1t25"C in 0.1 M B-alanine-HzSO¿ pH 3 and contained 20 mgof cells,4 pmol ËeCl3, and
HQNO at the concentrations specified. The volume of the reaction mixtures was I mL.
Results were based on two separate trials. The error bars are the standard deviation of the
2 trials.

Figure u (b) The effect of HQNO on the rate of oxygen consumption by endogenous
respiration. The reacrions were performed at25.cin õ.r M p-alanin"-rrÁo. pÉ 3 and
contained 25 mgof cells and HQNo at the concentrations specified. The uolu¡¡" of the
reaction mixtures was 1.2 mL.
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Figure 24 (c) The effect of HQNO on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M B-alanine-H2SOa pH 3 and contained 25 mgof cells and
HQNO at the concentrations specified. K2SO3 (100 nmol) was added at the amows after 5
min of preincubation between the cells and HQNO. The volume of the reaction mixtures
was 1.2 mL.
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Figure 25 (a) The effect of N-ethymaleimide (NEM) on the rate of exogenous ferric iron
reduction by endogenous respiration. The reactions were performed at 25"C inO.1 M P-
alanine-H2So¿ pH 3 and contained 2o mgof cells,4 pmol Fecl3, and NEM at the
concentrations specified. The volume of the reaction mixtures was 1 mL . Results were
based on two separate trials. The error bars are the standard deviation of the 2 trials.

Figure 25 (b) The effect of NEM on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25"C in 0.1 M p-alanine-HzSO+ pH 3 and
contained 25 mgof cells and NEM at the concentrations specified. The volume of the
reaction mixtures was 1.2 mL.
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Figure 25 (c) The effect of NEM on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 25 mgof cells and
NEM at the concentrations specified. KzSOg (100 nmol) was added at the Íurows after 5
min of preincubation between the cells and NEM. The volume of the reaction mixtures
was 1.2 mL.
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Figure 26 (a) The effect of silver nitrate (AgNO3) on the rate of exogenous ferric iron
reduction by endogenous respiration. The reactions were performed at 25"C in0.1 M B-
alanine-HzSoa pH 3 and contained 20 mgof cells, 4 pmol FeCl3, and AgNo3 at the
concentrations specified. The volume of the reaction mixtures was I mL . Results were
based on two separate trials. The error bars are the standard deviation of the 2 trials.

Figure 26 (b) The effect of AgNO3 on the rate of oxygen consumption by endogenous
respiration. The reactions were performed at25"C in 0.1 M p-alanine-H2Soa pH 3 and
contained 25 mg of cells and AgNO3 at the concentrations specified. The volume of the
reaction mixtures was 1.2 mL.
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Figure 26 (c) The effect of AgNO3 on the rate of sulfite oxidation. The reactions were
performed at25"C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 25 mgof cells and
AgNO3 at the concentrations specified. KzSOs (100 nmol) was added atthe arrows after 5
min of preincubation between the cells and AgNO3. The volume of the reaction mixtures
was 1.2 mL.
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Figure 27 (a) The effect of mercuric chloride (HgCl2) on the rate of exogenous ferric
iron reduction by endogenous respiration. The reãctions were perform ed.-at25"Cin 0.1 M
B-alanine-þsoa pH 3 and contained 20 mg of cells,4 pmol F"clr, and Hgcl2 at the
concentrations specified. The volume of the reaction mixtures was 1 mL . Results were
based on two separate trials. The error bars are the standard deviation of the 2 trials.

Figure 27 (b) The effect of HgCt2 on the¡ate of oxygen consumption by endogenous
respiration. The reactions were performed atZlocin o.r M B-ataninoHrsoo p"H I *a
contained 25 mgof cells and HgCl2 at the concentrations specified. The volume of the
reaction mixtures was 1.2 mL.
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Figure 27 (c) The effect of HgCl2 on the rate of sulfite oxidation. The reactions were
performed at25oC in 0.1 M p-alanine-HzSO¿ pH 3 and contained 25 mgof cells and
HgCl2 at the concentrations specified. KzSO¡ (100 nmol) was added at the arrows after 5
min of preincubation between the cells and HgCl2. The volume of the reaction mixtures
was 1.2 mL.
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Part II : Investigating ferric iron reduction by Acídíthíobacillus thíooxídøns

Introduction

In the literature, only two instances of ferric iron reductionby A. thiooxidans

(Brock and Gustaßon,1976; Kino and Usami, 1982) have been reported. The sparse

attention paid to this subject matter may be due to the fact that the bacterium is not

known for oxidizing ferrous iron for growth.

Brock and Gustafson(1976) using an unidentified shain of the bacterium showed

that complete reduction of exogenous ferric iron was possible when aerobically grorwn on

elemental sulfur. The pH of the culture medium was maintained at 1.6 and it was gently

shaken during incubation. Brock and Gustaßon did not propose an explanation for this

physiological activity but suggested that future investigations should focus on possibly

growing the bacterium under anerobic conditions with ferric iron serving as the sole

terminal electron acceptor.

Heeding the words of Brock and Gustafson, Kino and Usami (1932) tried but were

mainly unsuccessful in growing shain WU-794 on elemental sulfur under anerobic

conditions with ferric iron as the electron acceptor. However, like the earlier reaserchers,

they too observed exogenous ferric iron reduction during aerobic growth on elemental

sulfur. In the same report, Kino and Usami suggested that unspecified reducing substrates

formed during growth may be responsible for the reduction of exogenous ferric iron. To

date, no evidence for the reduction of exogenous ferric iron by endogenous substrate(s)

oxidation in thiobacilli have been reported.
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In the present research, the coupling of endogenous respiration to exogenous ferric

iron reduction was consistently observed under aerobic conditions. The initial motivation

to observe endogenous respiration in this manner arose from similar observations in a

strain of A. ferrooxidans in the lab. kr the latter specie, the presence of an iron oxidase is

common knowledge, as is the utilization of ferrous iron as an oxidizable substrate for

growth via the electron transport chain (Ingledew, 1982). Since A. thiooxidans strain

ATCC 8085 offered a rather unique physiology for investigation it was worth looking at.

Ferric iron reduction by the bacterium was charactenzed at pH 3 due to increased

solubility of ferric iron at low pH and decreased chemical oxidation of the formed

product - ferrous iron (Pronk and Johnson,1992).

Influence of buffer and buffer concentration

The influence of various assay buffers on exogenous ferric iron reduction by the

bacterium was investigated. The buffers tested included: 0.1 M B-alanine-HzSO¿ pH 3,

0.1 M K-phosphate pH 3, 0.1 M sodium citrate pH 3 and 9K medium pH 3 . Ferric iron

reduction was not observed in K-phosphate buffer or 9K medium. In either case,

precipitation occurred upon ferric iron addition. The said observation is consistent with

the affinity of phosphate to interact with metals. The degree of precipitation was greater

in 0.1 M phosphate buffer than in the 9K medium which contained only 3 mM phosphate.

Ferric iron reduction was slow in sodium citrate buffer, in agreement with the metal

chelating property of citrate. In comparison to these buffers, ferric iron reduction was

much faster in p-alanine-HzSO¿ which was therefore selected as the buffer for further

investigation of this physiology (Figure 1).
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Difflerent concentrations of p-alanine-HzSO+ pH 3 buffer were also tested in an

effort to identify the optimal buffer concentration to observe exogenous ferric iron

reduction by the bacterium (Figure 2). Optimum buffer concentrations were at or below

0.1 M . At 0.5 and I M, however, a dramatic decrease in ferric iron reduction rate was

observed, which in tum may be attributed to an increased h¡pertonic effect exerted on the

cells by the buffer. Throughout the research, 0.1 M B-alanine-HzSO¿ pH 3 buffer was

utilized. In the absence of cells in the reaction mixture (buffer + ferric iron), there was no

detection of ferrous iron, suggesting the requirement of cells for this process. However, in

the presence of cells alone in the reaction mixture (buffer + cells), some ferrous iron was

detected but it was considerably less than in the presence of exogenous ferric iron. Most

probably, the ferrous iron detected in the reaction mixture must have originated from the

cells.

Proportion of endogenous respiration that can be diverted for exogenous ferric iron

reduction

The proportion of endogenous respiration that can be used for exogenous ferric

iron reduction was investigated using a 80 mglml cell concentration and by monitoring

for changes to the amount of oxygen consumed by the cells in the presence of ferric iron,

as well as by detecting for any ferrous iron formed @igure 3 (a) and (b)). The primary

reason for using a large concentration of cells was that any change in the amount of

oxygen consumed by the cells, specifically any inhibition in the presence of exogenous

ferric iron, may be measured much more easily at a higher cell concentration than at a

lower concentration, since oxygen consumption by endogenous respiration increased with
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increasing cell concentration (Figure 4). However, it was not feasible to use a large

concentration of cells all the time. In general, the amount of oxygen consumed by cells

decreased when exogenous ferric iron concentration w¿ts increased (Figure 3 (a)) with a

corresponding increase in ferrous iron formed (Figure 3 (b)). At higher exogenous fenic

iron concentrations, both the decrease in the amount of oxygen consumed and increase in

ferrous iron formed appeared to level off. Thus, the maximal coupling of endogenous

respiration to exogenous ferric iron reduction represented roughly 50 %o of endogenous

respiration measured by oxygen consumption studies (Oz + 4e- + 4lH+ ---+ 2HzO; Fe3* + e-

--- Fe2*). A similar degree of coupling was also observed with 40 mglml- and20 mglmL

cell concentrations (data not shown). In general, the coupling of endogenous respiration

to exogenous ferric iron reduction was not complete and full diversion of endogenous

respiration to exogenous ferric iron reduction was not possible, even at higher ferric iron

concentrations. Therefore, any generalizations drawn about endogenous respiration from

exogenous ferric iron reduction studies should also take into consideration endogenous

respiration measurements made by oxygen consumption studies, since the latter appears

to measure a higher proportion of endogenous respiration.

Influence of anaerobic incubation

The influence of anaerobic incubation on exogenous ferric iron reduction was

investigated using reaction mixtures incubated anaerobicalty (under Nr trl) @igure 5).

The main goal of this investigation was to determine if the amount of ferric iron reduced

by the bacterium increased during anaerobic incubation, when oxygen is eliminated as a

terminal electron acceptor. Results illustrated that little difference existed befween
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aerobic and anaerobic incubation. The data obtained is in contrast to A.ferrooxidans

where an anaerobic environment was essential for the observation of ferric iron reduction

by the bacterium (Brock and Gustafs on, 1976; Suzuki et al., 1990). The strict

requirement for an anaerobic environment for the observation of exogenous ferric iron

reduction by A.ferrooxidans may be closely related to its physiological ability to oxidize

ferrous iron by molecular oxygen via the electron transport chain for growth. Therefore,

by blocking ferrous iron oxidation, the accumulation of this product would be more

apparent.

During aerobic incubation, employing the terminal cytochrome oxidase inhibitor

cyanide, an anaerobic environment was simulated to investigate ferric iron reduction by

the bacterium. With the addition of cyanide, the ability of the bacterium to use oxygen as

a terminal electron acceptor was impaired (In Part I, see Table 16 and Figure 20). Results,

however, showed that cyanide had virtually no effect on ferric iron reduction by the

bacterium (Figure 6).

Results from the anaerobic incubation of the reaction mixture suggested that the

bacterium may perform ferric iron reduction regardless of the degree of oxygen tension in

the environment, since the amount of exogenous ferric iron reduced by the bacterium did

not change under anaerobic incubation (Figure 5). Additionally, the insensitivity to

cyanide (Figure 6) suggested that the elechon pathway to exogenous ferric iron, from

endogenous electron source, may deviate from the pathway using oxygen as the terminal

electron acceptor, since the latter showed some sensitivity to cyanide.

In general, A. thiooxidar¿s is not known for oxidizing ferrous iron, therefore,

precautionary measures to inhibit biological oxidation of the formed ferrous iron such as
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anaerobic incubation or cyanide to block off the terminal cytochrome oxidase was not

necessary. Additionally, the low pH of the reaction mixture was sufficient to prevent the

chemical oxidation of the ferrous iron formed.

Influence of cell concentration

The influence of an increasing cell concentration on exogenous ferric iron

reduction was investigated in 0.1 M p-alanine-HzSo¿ pH 3 using 5, 10, 20,40, and 80

mglmL cell concentrations (Figures 7,8,9,10, 11 and results summarized in Table 1). At

5, 10, and20 mglmL cell concentrations, normal Michaelis-Menten kinetics often

associated with enzymes was observed, such that a hl,perbolic increase in the velocity of

the reaction occurred with an increase in substrate concentration. However, high

concentrations of ferric iron were also inhibitory particularly in experiments involving

the 5 mg/ml cell concentration (Figure 7 (a)). The apparent V*.* (nmol of ferric iron

reduced/min) doubled when the cell concentration was doubled but the apparent specific

Vn'* (nmol of ferric iron reduced/min/mgof cells) remained relatively constant. The

apparent V*'* for the 5, 10, and 20 mglrnL cell concentrations was 0.84, 1.7, and 3 nmol

of ferric iron reduced/min, respectively, whereas the apparent specific V*r* was 0.17,

0.17, and 0.15 nmol of fenic iron reduced/mínlmg of cells, respectively (Figures 7 (b), 8

(b), 9 (b)). The apparent K- also remained relatively constant at 0.30, 0.31, and 0.37 mM

for the 5, 10, and20 mglmJ, cell concentrations, respectively (Figures 7 (b),8 (b), 9 (b).

For the 5 mg/ml cell concentration, however, the apparent K¡ (substrate inhibition

constant ) was 1.8 mM, only slightly higher than the apparent K- value of 0.30 mM
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(Figure 7 (c)). For the l0 m{mLcell concenhation, the apparent Ki value of 72 mM was

much higher than the apparent K- value of 0.31 mM (Figure S (c)).

It is not uncoÍtmon to find enzymes that show normal Michaelis-Menten kinetics

at low substrate concentrations, while at high substrate concentrations, the velocity falls

off @ixon and Webb, 1979). This effect may be due to a number of reasons but one of

the most important to be considered may be the overcrowding of substrate molecules

onto the active site of the enzpe @ixon and Webb, 1979).In such instances, the

tendency to form ineffective enzyme-subsfrate complexes increases as two or more

substrate molecules combine with an active site that is only destined to bind a single

substrate (Dixon and'Webb, lgTg).In this particular instance with whole cells, one may

consider the overcrowding of ferric iron molecules onto ferric iron binding site(s) of the

cells as responsible for the decrease in velocity at high ferric iron concentrations (ie. 5

mglmL cell concenhation). However, as cell concentration increases, there will be more

cells to interact with the excess ferric iron and instances of overcrowding of ferric iron

molecules at ferric iron binding site(s) may become less frequent (ie. 10 and20 mglml-}

For the 40 and 80 mglml cell concentrations, a different type of kinetics was very

much apparent (Figure 10 (a), 11 (a)). A sigmoidal increase in the velocity of the reaction

was noticed when the substrate concentration was increased, thus suggesting kinetics

often associated with cooperativity or allosterism. The sigmoidicity of the substrate

versus velocity plot was more apparent with 80 mg/ml cell concentration (Figure 11 (a).

The analysis of the kinetic behavior of the 40 and 80 mglml cell concentrations via

Lineweaver-Burk Plot analysis revealed that the plots were non-linear (Figures 10 (b), 11

(b)). The observation is consistent with cooperative or allosteric kinetics where the
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double reciprocal plot is curved and approaches a horizontal line which intersects the

l/velocity axis at 1/V*"*(Segel, 1975). The apparent Vnr* was determined to be 6.3 nmol

of ferric iron reduced/min for the 40 mg/mL cell concentration and 20.9 nmol of ferric

iron reduced/min for the 80 mglml cell concentration. Not necessarily doubling of the

kinetic parameter when the cell concentration was doubled, but nevertheless, an increase

h Vrn"*. The apparent specific V..* was 0.16 nmol of ferric iron reduced/min/mg of cells

for the lower cell concentration and0.26nmol of ferric iron reduced./m iLn/mgof cells for

the higher cell concentration.

Data suspected of illustrating cooperativity or allosterism is often analyzedusing

the Hill Model. The model of Hill takes into consideration that in order to show

cooperativity an enzyme must have more than one binding site for a substrate @ixon and

Webb, 1979). Based on this assumption, the Hill model suggests that the binding of H

molecules of a substrate (S) to an enzyme occurs in a single step (E + HS : ES¡¡) and that

there are no stable intermediates in the system (ie. no ESs-r, ESs-2, etc) (Segel ,1975 ,

Dixon and Webb, 1979). The value of H obtained from such an analysis would

correspond to the number of binding sites on the enzyme (H: n). The model of Hill

predicts that a plot of v/V*u*-v against substrate concenhation on a log-log scale, where v

is the velocity of the reaction, would be linear (Segel, 1975 ,Dixon and Webb, 1979).

However, most often, experimental data show that the plot is not linear over the entire

range of subsfrate concentration, specific ally atvery low and very high concenhations of

the substrate (Segel, I975 , Dixon and Webb, 1979). At very low substrate concenhations

when one is proceeding from a state where no sites are occupied on any given molecule

of enzyme one would expect to see no cooperativity, and similarly at very high
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concentrations of the subshate, when there is only one site remaining to be filled, there

will also be no cooperativity (Segel, r975 , Dixon and'webb, 1979). Thus one would

expect the slope of the Hill plot to approach values of n: 1 at very low and high

concentrations of substrate. A Hill plot slope of n : I reflects enzyrnes showing non-

cooperativity or normal Michaelis-Menten kinetics. Despite its limitations, the Hill model

of analysis is often used as an empirical method of estimating the degree of cooperatiyity,

especially from about 10 -+ 90 %o eruymesaturation.

With the experimental data, the Hill plot deviated from linearity at low and high

substrate concentrations as expected (Figure 10 (c), 11 (c)). The deviation from linearity

was clearly evident at high substrate concentrations in both the 40 and 80 mglml cell

concentrations. In both instances, the apparent n value at higher substrate concentrations

wÍN approximately I . It was difficult to determine the apparent n values at lower

substrate concentrations for the 40 and 80 mglmL cell concentrations without additional

readings but the genesis of a deviation is evident, especially with the 40 mglml cell

concentration (apparent n:0.7). The portion of the plots that did follow the Hill model

showed an apparent n value of 4.8 forboth the 40 and 80 m{mL cell concentration.

However, the substrate concentration required for 0.5V."* flS]o.s) was only 0.5 mM for

the 40 mglmL cell concentration and slightly more than doubled that for the 80 mglmL

cell concenhation at 1.2 mM.

In general, sigmoid kinetic behavior most often reflects cooperative interaction

between the subunits of an oligomeric protein. Changes in the structural and/or electronic

feature(s) of one subunit are translated into changes in adjacent subunits, an effect that is

mediated by non-covalent interactions at the subunit interface. Therefore, the binding of
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one molecule of substrate greatly enhances the binding of other molecules of the same

subsfrate to other subunits of the enzyme.

In this particular instance of sigmoidal kinetic behavior, one may consider a

collection of cells possibly initiated by cell-cell interaction at high cell concentration as

showing cooperativity. The binding of one or more molecules of ferric iron and./or

subsequent reduction by a cell in an interaction may greatly enhance the binding of ferric

iron molecule(s) to other cells involved in the interaction. A possibility may be that ferric

iron binding to one particular cell confers structural and/or electronic change(s) to that

cell leading to a slight dispersal of the cell from the collection and therefore opening up

ferric iron binding site(s) in adjacent cells which may have been temporarily obstructed

during cell-cell interaction. Therefore, a stepwise dispersal of cells may be responsible

for the observed cooperativity or allosterism at high cell concentration. The tendency of

strain ATCC 8085 cells to settle out of suspension was often noticed, especially at high

cell concentrations. This tendency may have been due to an ability of the cells to interact

orpossibly even to aggregate.In the 40 and 80 mglml cell concentrations, at least 4.8

cells may be interacting in a cooperative or allosteric manner (apparent n : 4.8).

In previous studies on this bacterium, Lizamaand Suzuki (1991) illushated

competitive inhibition of sulfur oxidation by other ATCC 8085 cells, in a series of

experiments using various sulfur and cell concentrations. It \¡¡as suggested that cells may

compete with sulfur molecules for the sulfur-binding sites of active cells. The nature of

the cell-cell competitive inhibition was not clear but a suggestion was put forth that the

interaction maybe related to the mechanism of sulfur oxidation which is thought to occur



142

at the cell surface. Since the cell is suited for adhesion to sulfrr, then it may interact with

the surface of a similarly endowed cell and thus obstruct the sulfur-binding site.

Endogenous ferric iron reduction by endogenous respiration

To observe endogenous ferric iron reduction by endogenous respiration it was

imperative to determine the total iron (ferrous + ferric) present in the cells, as well as the

proportion of ferrous iron to ferric iron. Total iron (ferrous + ferric) in the cell was

determined by HNO3 extraction of ferrous and ferric iron followed by NH2OH-HCI

treatment to reduce ferric iron to ferrous iron so that it may be detected by 1,10-

phenanthroline. The total ferrous iron was determined as just stated but without NH2OH-

HCl treatment. Results revealed that on average 46 nmol of iron (ferrous + ferric) was

present per mg of cells (Table 2). Of the total iron present in the cells, less than 5 o/owas

in ferrous iron form, thus leaving ample room to observe endogenous ferric iron

reduction by endogenous respiration.

Endogenous ferric iron reduction was investigated in 0.1 M p-alanine-H2SOapH 3

using 5, 10, 20,40,80, and 200 mglmL cell concentrations (Figure 12). Unlike

exogexous ferric iron reduction which was quite fast, endogenous ferric iron reduction

was rather slow and was observed over a much longer period of time (approximately 30

h).

At cell concentrations of 5, 10, and 20 mglrnL, endogenous ferric iron reduction

was observed during the allotted time (Figure 12 (a)). The 5 mglmLcell suspension

showed nearly 80 % increase in ferrous iron during the allotted time (Figure 12 (c)). In

contrast, at higher cell concentrations of 40,80, and 200 mglmL, there was barely any
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increase in ferrous iron during the same time (Figure L2 (c)).Interestingly, in the 5

mg/mL cell concentration, most of the ferrous iron formed appeared extracellularly in the

supernatant and most of the iron found in the supernatant was in the ferrous form in most

experiments (Figure 12 (b). The results may provide some clues as to the probable mode

of exogenous ferric iron reduction.

It may be argued that exogenous ferric iron is reduced by endogenous ferrous iron.

The main drawback to this argument is that endogenous ferric iron reduction is a slow

time consuming process whereas exogenous ferric iron reduction can be easily observed

in a much shorter time. However, if the addition of exogenous ferric iron somehow

promotes rapid endogenous ferric iron reduction, possibly by exchanging the

endogenously reduced iron with externally added ferric iron, then the argument may be

plausible.

The inability of the high cell concentrations to perform endogenous ferric iron

reduction was further investigated. It was assumed that possibly some deleterious

compound(s) may be released by the concentrated cell suspensions during the course of

the prolonged incubation, which in turn may inhibit endogenous ferric iron reduction.

Fresh cells (5 --+ 200 mg/ml) were suspended in the supernatant of a week old 200

mflmL cell suspension and endogenous ferric iron reduction was studied over a 30 h

period and the results were compared to those of normal assay (data not shown). The low

cell concentration suspensions exhibited the same ferric iron reduction activities

regardless of the type of suspension buffer used. Therefore it was safe to assume that no

inhibitor was present in the supematant of highly concentrated cell suspensions.

Additionally, spechophotometric analysis of the week old supematant revealed the
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presence of absorption peaks at260,280, and 410 nm, corresponding to nucleic acid,

protein, and c-type cytochromes, respectively. The observed peaks may be attributed to

age related cell lysis which would be prevalent in an older cell suspension.

It would be tempting to speculate that the cooperative or allosteric effect observed

with high cell concentrations in exogenous ferric iron reduction studies may somehow be

involved in the observed endogenous ferric iron reduction phenomena. A possible cell-

cell interaction preventing endogenous ferric iron reduction in the absence of high

concentrations of exogenous ferric iron would be an ideal explanation for these

observations. It is noteworthy in Figure 12 thatthe iron concentration in the supernatant

does not increase much when the cell concentration \ryas increased from 5 to 200 mglmL .

Influence of anaerobic incubation on endogenous ferric iron reduction by

endogenous respiration

The influence of anaerobic incubation on endogenous ferric iron reduction by

endogenous respiration was investigated using reaction mixtures incubated anaerobically

(under Nr rrl) Gigure 13). Figure 13 reveals that very little difference existed between

aerobic and anerobic incubation. The results were identical to exogenous ferric iron

reduction which was determined to behave similarly under aerobic and anaerobic

incubation (Figure 3). It was interesting to note that endogenous ferrous iron

concentration increases linearly up to around 1000 - 1100 nmol in 30-35 h and levels off

beyond that. The observed level of ferrous iron formed was nearly identical to the total

level of iron (ferrous + ferric) predicted for a20 mglmL cell suspension (Table 2).

Additionally, the O-time reading of around 60 nmol of ferrous iron was in close
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approximation to the total ferrous iron concentration predicted for this particular cell

concenfration as well (Table 2).kt general, it appears that endogenous ferric iron

reduction by endogenous respiration proceeds until most of the extractable cellular ferric

iron is reduced to ferrous iron, and oxygen tension in the environment exerts very little

influence.

Reduction of exogenous ferric iron by exogenous substrate oxidation

The reduction of exogenous ferric iron by the oxidation of exogenous subshates

such as sulfur (soluble sulfur - DMSO/sulfur, precipitated elemental sulfur - Tween 80

sulfur), thiosulfate, sulfite, and formate was investigated. In general, all of the

aforementioned substrates, with the exception of sulfite, can couple to exogenous ferric

iron reduction, however the degree by which they couple varies. In the case of sulfite,

non-biological oxidation òf the substrate was observed in the presence of ferric iron

without the formation of ferrous iron. In this research, degree of coupling was defined as:

(Total number of electrons transferred to exogenous ferric iron from the oxidation of the

exogenous subsfrate + Total number of electrons available from the oxidation of the

exogenous substrate) x 100 %o .Electron count was based on 4 electrons equivalent to one

molecular oxygen consumed (Oz + 4e- + 4LÍ --2HzO) and one electron for ferric iron

reduction (Fe3* + e- -' Fe2). For example, the complete oxidation of 156 nmol of

DMSO/sulfur (S + l%Oz+ HzO -' SO¿2- + zlF-\ consumes 234 rwtolof oxygen,

therefore the consumptionof 234 nmol of oxygen is made possible by 936 nmol of

electrons. Similarly, with 100 nmol of thiosulfate (SzO¡2- + 2Oz+ HzO -* 2SO¿2- + 2I{)
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800 nmol of electrons were available, and with 100 nmol of formate (HCOOH + lz Oz +

HzO + COù 200 nmol of electrons were available.

Reduction of exogenous ferric iron by sulfur oxidation. The reduction of

exogenous ferric iron by both DMSO/sulfur (Table 3) and Tween 80 sulfur (Table 4)

oxidation was observed. With both types of sulflir, the degree of coupling increased with

increasing ferric iron concenhation. However, complete coupling was not observed, even

at higher ferric iron concentrations. The highest degree of coupling observed was 34 %o

with DMSO/sulfur and up to 63 %o with Tween 80 sulfur, at8.6 mM ferric iron

concentration.

At 8.6 mM ferric iron concentration, the amount of oxygen consumed by the cells

in the presence of DMSO/sulfur was similar to the amount of oxygen consumed when

sulfur is oxidized to sulfite (S + Oz + HzO -' SOs2- + zIÍ) (Table 5). The biological

oxidation of sulfur to sulfite without further oxidation to sulfate

(So¡'- + 2H+ + %oz-' So¿2- + 2IÍ + 2e') can be observed in the presence of the bct

complex inhibitor, HQNO (Suzuki et al., L992). The implication is that the observed

coupling between sulfur and ferric iron, may actually occur at the level of sulfite, after

tlre initial oxidation of sulfru to sulfite. As a result , the 34 % coupling observed for

DMSO/sulfi.lr oxidation at ferric iron concentration of 8.6 mM is in agreement with the

proportion of total electrons that would be available from sulfite oxidation alone, in the

sulfru to sulfate oxidation scheme (1/3 of total available electrons). Corroboration with

Tween 80 sulfur proved to be futile as sulfur suspensions are rarely used for

stoichiometric studies primarily due to the diffrculty in controlling the amount of

substrate that is added. If the implication is indeed correct, then it would be interesting to
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note that externally added sulfite reacts non-biologically with exogenous ferric iron

without the formation of ferrous iron even in the presence of cells, whereas sulfite

generated from sulfur oxidation by the cells can be coupled to exogenous ferric iron

reduction with a nea¡ stoichiometric production of ferrous iron. The results raise the

possibility of an intarcellular location for the formed sulfite, which in turn may permit the

observed coupling. In the presence of both HQNO and ferric iron, sulfite produced from

sulfur probably came out of the cell and was oxidized chemically with oxygen catalyzed

by ferric iron. HQNO, after all, has some uncoupling effects on whole cells (Oleskin and

Samuilov, 1988). Possibly this uncoupling may be due to some physical alteration of the

integrity of the plasma membrane which also permits the release of sulfite.

Reduction of exogenous ferric iron by thiosulfate oxidation. The reduction of

exogenous ferric iron by thiosulfate oxidation was also observed (Table 6). The degree of

coupling increased with increasing ferric iron concentration. Like sulfur, complete

coupling was not observed, even at higher ferric iron concentrations. The highest degree

of coupling with thiosulfate was 34 o/o, at 8.6 mM ferric iron concentration.

Once again, the results confirm the hypothesis that the coupling during the

oxidation of a reduced sulfur compound to ferric iron reduction, may occur at the level of

sulfite (Table 7). AtpH 3, thiosulfate oxidation is expected to occur via the thiosulfate

oxidizing errz'm,epathway (sros2- + 2oz+ H2o --- 2so¿2- + 2rÐ @athway B in Masau

et a1.,2001). In the said pathway, the presence of an inhibitory concentration of HQNO

will result in approxim ately 75 o/o of thetotal available electrons from thiosulfate

oxidation being utilized by oxygen with the remaining electrons accumulating at the level

of sulfite (SzO¡'- + lYzOz + 2H+ ---+ HzSO¡ + SO¿2). As a result , the 34 %o coupling
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observed for thiosulfate oxidation at ferric iron concentration of 8.6 mM (Table 6) is in

close approximation with the proportion of total electrons that would be available from

sulfite oxidation alone, in the thiosulfate to sulfate oxidation scheme (I/4 of total

available electrons).

Results from sulfur and thiosulfate coupling to exogenous ferric iron reduction

suggest the possible presence of a ferric iron-dependent sulfite oxidase tn A. thiooxídans

shain ATCC 8085. The existence of a sulfite oxidoreductase which directly utilizes ferric

iron as an electron acceptor has been mentioned for (Sugio et a1.,1988) and purified from

the membrane fraction of a strain of A.ferrooxidans (Sugio et al.,lggz).In the said

bacterium, the sulfite oxidoreductase could not utilize cytochrom e c or ferricyanide as an

elechon acceptor. Additionally, the physiological significance of the enz;.utrre was said to

be two-fold: (i) the detoxification of sulfite produced during sulfur oxidation and (ii)

production of ferrous iron by the reduction of ferric iron by sulfite and the subsequent

oxidation of the ferrous iron produced by iron oxidase to produce energy for the cells.

Reduction of exogenous ferric iron by formate oxidation. Formate was oxidized

by the bacterium with stoichiometric oxygen consumption (HCOOH + % Oz + HzO +

CO) (see Part I, Table l1 and Figwe 12). Formate oxidation by A.ferrooxi.dans has been

previously reported (Pronk et a1.,1991). The reduction of exogenous ferric iron by

formate oxidation was apparent (Table 8). The degree of coupling increased with

increasing ferric iron concentration. However, unlike the reduced sulfur compounds, the

degree of coupling with formate was extensive. Nearly 100 % coupling was observed

\r'ith 4.3 and 8.6 mM ferric iron. The high degree of coupling may indicate a direct

enzymatic interaction between formate and exogenous ferric iron reduction. Additionally,



t49

this high degree of coupling also shows that ferric iron is preferred over oxygen even

under aerobic incubation

Reduction of exogenous ferric iron by exogenous substrate oxidation during

anaerobic incubation

It was possible to observe exogenous fenic iron reduction by exogenous substrates

during anaerobic incubation (Table 9). The degree of coupling, as previously defined,

was greater than that which was observed under aerobic incubation for sulfur and

thiosulfate but lower for formate. Additionally, some unexpected results were observed

with sulfite

The degree of coupling with DMSO/sulfi¡r was around 4I %. The mechanism

suggested under aerobic incubation for sulfur coupling to ferric iron may not be proposed

under anaerobic incubation since oxygen is not available to carry out the initial oxidation

of sulfur to sulfite required for the reduction of ferric iron. As a result, the observed ferric

iron reduction during anaerobic incubation may indicate a direct enzymatic interaction

between sulfur oxidation and exogenous ferric iron reduction. Possibly, a direct

enzymatic interaction between sulfur and ferric may not be favored under aerobic

conditions and only observed under anaerobic conditions. Both with DMSO/sulfur and

Tween 80 sulfur, iron reduction was greater anaerobically than aerobically (Tables 3, 4),

supporting the idea of ferric iron reduction during sulfur oxidation to sulfite. The degree

of coupling was calculated assuming complete oxidation of substrate during the allotted

incubation period (15 min). In the Tween 80 sulfur experiment with excess sulfur it was

not possible to determine how much sulfrr was oxidized. It is worth noting that asulfur:
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ferric ion oxidoreductase has also been mentioned for (Sugio et a1.,1935) and purified

from (Sugio et a1.,1938) A.ferrooxidans. The enzqe purified from the soluble fraction

of cell free extracts of the bacterium had a molecular weight of 46 kDa and was

composed of two identical subunits (Mr:23kÐa). The purified enzyme showed a strict

requirement for reduced glutathione (GSH) for the oxidation of sulfur. In later reports,

the researchers responsible for the purification of the enz¡ umre suggested that HzS may be

the actual substrate for the enzqeand the enzymeshould therefore be referred to as

hydrogen sulfide: ferric ion oxidoreductase (Sugio et a1.,1989; 1992). The putative role

of GSH in Sugio's purified enzyme is in agreement with Suzuki's (1965) finding of

sulfur oxidation only in the presence of GSH, in cell free systems.

Electron transfer between thiosulfate and ferric iron during anaerobic incubation

was more extensive than during aerobic incubation. The degree of coupling under

anaerobic incubation was 74 %o at 8.6 mM ferric iron (Table 9) whereas the degree of

coupling was 34 o/o atthe same ferric iron concentration during aerobic incubation (Table

6). The mechanism suggested during aerobic incubation for thiosulfate coupling to ferric

iron may not be proposed under anaerobic incubation since oxygen is not available to

carry out the initial oxidation of thiosulfate to the level of sulfite required for the

coupling. As a result, the observed coupling may also be a direct et:zpatic interaction

between thiosulfate oxidation and exogenous ferric iron reduction.

Formate oxidation and coupling with exogenous ferric iron reduction was not as

extensive as it was during aerobic incubation. The coupling was around 46 o/o at8.6 mM

fenic iron (Table 9) compared to near complete coupling atfernc iron concenhation of
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only 4.3 (Table 8) during aerobic incubation. The results cannot be adequately explained

at the present time.

The inability of cells to reduce exogenous ferric iron in the presence of sulfite was

unexpected, since the aerobic experiments with DMSO/sulñr and thiosulfate (Tables 3

and 6) indicated that sulfite formed was oxidized with ferric iron. It may be that cells

oxidize ferric iron with sulfite formed inside the cells, but perhaps not with externally

added sulfite. In general, the data presented in Table 9 illustrates some possibility of

direct coupling between sulfur and thiosulfate oxidation and exogenous ferric iron

reduction under anaerobic conditions.

The ability of sulfur grown version of A. thiooxidans st,:ainATCC 8085 to couple

exogenous subshate oxidation (sulfur, thiosulfate, formate) to exogenous ferric iron

reduction was investigated. Results show that sulfur grown cells carurot utilize ferric iron

as an alternate electron acceptor during substrate oxidation. Previously, Suzal<t et al.

(1990) showed that sulfur grown version of the bacterium was not able to oxidize sulfur

by ferric iron even during anaerobic incubation. A comparative examination of the

cytochrome content of thiosulfate and sulfur grown cells revealed that sulfur grown cells

lack the extensive cytochrome network present in the thiosulfate grown cells (Figure 14

(a) and (b)). Possibly, the absence of an extensive cytochrome network in the sulfur

grown cells may play a crucial role in the inability of these cells to utilize ferric iron as an

electron acceptor during exogenous substrate oxidation.
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Implication of results

Ferric iron reduction by substrate oxidation, both endogenous substrates(s) and

exogenous substrates, \ryas an unexpected occuffence in A. thiooxidans strain ATCC 8085

since the bacterium does not oxidize ferrous iron.

The coupling of exogenous substrate oxidation to ferric iron reduction may indicate

an inherent ability of the bacterium to utilize an electron acceptor other than oxygen. That

is, the bacterium may posses the ability to grow under anaerobic conditions using ferric

iron as the terminal electron acceptor. To verify this assumption, the ability of A.

thiooxidans to grow anaerobically, while respiring on ferric iron, must be shown.

Coincidentally, this was also proposed by Brock and Gustafson (1976), based on similar

observations in their strain of the bacterium. Heeding the work of the earlier researchers,

Kino and Usami (1982) were unsuccessful in growing their strain of the bacterium under

anaerobic conditions while utilizing ferric iron as the terminal electron acceptor.

However, some preliminary evidence for the ability of the present strain to oxidize

substrates and couple that to exogenous ferric iron reduction under anaerobic conditions

was presented in Table 9. Thus the possibility of growth under these environmental

conditions is worth investigating, specifically using this strain of the bacterium.

The observation of ferric iron reduction under aerobic conditions by endogenous

substrate(s) was quite peculiar. By using ferric iron as an elechon acceptor, the bacterium

is relinquishing some energy. The redox potential of the OzlHzO couple (Eo' :820 mV)

is higher than that of Fe3*Æe2* couple @{ :771 mY),as a result the bacterium can

generate more energy by using Oz as a terminal electron acceptor than Fe3*. Therefore,

the ferrous iron formed may serve an additional purpose on top of its role as a terminal
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electron acceptor. Possibly, the ferrous iron formed may serve as a store of reducing

equivalents. However, for this assumption to hold true, the bacterium must posses iron

oxidase activity. It may be argued that the iron oxidase activity in question cannot be

detected under the present experimental conditions. A more reasonable explanation may

be that the ferrous iron formed is utilized for the activation of elemental sulfur, in a role

analogous to GSH in cell free systems (Suzuki, 1965;Rohwerder and Sand, 2003).

Elemental sulfur, which assumes a stable sulfur octet (Ss) configuration, is rather inert

and biological oxidation is likely to involve an initial activation step in which the Ss

stucture is made susceptible to further microbial oxidation. The role of GSH in cell free

systems is to carry out a nucleophilic attack on elemental sulfur to form glutathione

polysulfide chain (GS-S") in which the terminal sulfur atom can be readily oxidized.

Possibl¡ a similar fate may be proposed for ferrous iron.
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Table 1 Summary of apparent kinetic parameter values for exogenous ferric iron reduction by endogenous respiration when cell
concentration was increased

Cell concentration
(mg/ml,)

5

10

20

40

80

V**
(nmoUmin)

Summary of Figures 7,8,9,10,11

0.8

1.7

3.0

6.3

20.9

specific V.*
(nmoUmin/mg)

0.t7

0.17

0.15

0.16

0.26

K*
(mM)

Kt
(mM)

0.30

0.31

0.37

lSlo.s
(mM)

1.8

72

tlapp

0.5

1.2

4.8

4.8

t54



Table 2 Total iron (ferrous + ferric) and ferrous iron in various amounts of cells

Amount of cells Total iron (ferrous + ferric) Total ferrous iron

(mg) (nmol) (nmol)

5

10

20

40

80

200

265

427

1013

1807

3360

8446

Method used for analysis ir d".".i
and contained cells as specifîed. The volume of the cell suspensions was I mL.

0

0

98

57

154

557

Ferrous iron as aVo of total iron

0

0

10

J

5

l

Total iron
(ferrous + ferric)/mg of cells

(nmoVmg)

53

43

51

45

42

42

446

155



Table 3. Reduction of exogenous ferric iron by DMSo/sulfur oxidation

Components of reaction mixtrlre

a) Cells + ferric iron
+ DMSO/sulfur u

b) Cells + ferric iron
+ DMSO/sulfr¡¡ b

c) Cells +

Concentration of ferric

lc rron

d) Ferric iron
+ DMSO/sultur

(rlM)
0.0
1.0
2.1
4.3
8.6

e) difference between a) and c)

0.0
1.0
2.1
4.3
8.6

Total oxygen consumed

DMSO/sulfur. The volume of the reaction mixtures was 1.4 mL.a. Colorimehic determination by 1,lO-phenanth¡oline.
b' calculated from the decrease in the amount of oxygen uptake measured with 156 nmol of DMSo/sulfur.c. No oxygen consumption observed.
d' Defined as : (Total number of elechons hansferred to exogenous ferric i¡on from the oxidation of DMSO/sulfur + Total number of electrons availablefrom the oxidation of DMSO/sulfur) x 100 Zo

Elechon count based on 4 elecfrons equivalent to one molecular oxygen consumed (o2 + 4e- + 4Ff -' 21zo).since the complete oxidation of 156nmol of DMSO/sulfur consumed 234 nmol of oxygen (S + lyzo2* Fió ;¡õ;;:;;í.j, tt 
"n 

the consumpri on of 234nmol of oxygen was madepossible by 936 nmol of elecrrons.

0.0
1.0

2.t
4.3
8.6

8.6

234
210
200
184
160

Total ferrous iron formed

1.0
2.1
4.3
8.6

(nmol

12
t69
227
252
376

0
96

136
200
296

Degree of coupling
(vo)

5

49
89
63
59

10
15

2t
32

r20 t3138 1s
189 20

156



Table 4 Reduction of exogenous ferric iron by Tween g0 surfur oxidation

Components of reaction *
¡ un rerrur¡s rroû rormeo Lreglee of couplmg "

a) cells + ferric iron 
oU (nmÐ V"l -

o
, 'F.-,^^- O^ ---t¡ A I+ Tween 80 sulfu¡ u 1.0 200 rc5

b) Ferric iron
+ Tween 80 sulfur

The reactions w"re incubat"dãZffi-óffi
volume of the reaction mixtures was 1.4 mL.

a' colorimetric determination by 1,10-phenanthroline. since excess Tween 80 sulfu¡ was used (r mmol), the reaction had to be terminated at some point.The reaction was terminated after thè consumption of 200 nmol of oxygen, conesponding to 133 nmol of rween g0 sulfi:r oxidized. Tween g0 sulfuramount used was similar to the amount of DMso/sulfur used (156 nmõl). Time ailotted ias too short for any significant amount of ferrous iron to be. formed at any of the ferric iron concentrations tested from endàgenous respiration.b. No oxygen consumption observed.
c' Defined as : (Total number of elechons trallferred to exogenous ferric iron from the oxidation of rween g0 sulfur + Total number of elechons availablefrom the oxidation of Tween g0 sulfur) x IO0 Vo

Electron count based on 4 electrons equivalent to one molecular oxygen consumed (o 2+ 4e' +4Ff --, z%\o),Since the complete oxidation of 133

;i:lrT:ifiåit"t,'$:î'"ïïå:i:d 
200 nmol oroxvgen rs + rv'oz i nzo;¡õ7];'2ti¡, ,t"n the consimption or200 n*il oro*ygen wus made

2.t 2oo 2g84.3 2oo 3278.6 2oo 506
8.6

anine-H2SOa pH 3 and 
"ontu

2t
37
4l
63

r57
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Table 5 Summary of total oxygen consumed and the amount of reaction products formed
after the reduction of exogenous ferric iron by DMSO/sulfur oxidation

Components of
reaction mixture

Total oxygen
consumed

(nmol)

Total ferrous
iron formed

(nmol)

Total sulfite
formed
(nmol)

Cells + DMSO/sulfur "

Cells + HQNO b

+ DMSO/sultur

Cells + ferric iron "
+ DMSO/sultur

Cells + ferric iron

234 (234)

t7s (ts6)

r56

10

466

t02

3e Qrc)

8

18

12

22

131 (1s6)

4

11

466 - 102 =

Cells

Cells + HQNO

Cells + HQNO
+ ferric iron
+ DMSO/sulfur d

HQNO + ferric iron
+ DMSO/sulfur

23

25

21

260

The reactions were incubated for 15 min at 25Cin0.1 M p-atanine-ftr.SOo pff f an-
contained 32 mg of cells and components as specified. The volume of the rJaction
mixtures was 1.6 mL.
( ) denotes expected values.

a. 156 nmol. of DMSO/sulfur
b. 3.6 pM of HQNO.
c. 8.6 mM of ferric iron.
d. A distinctively biphasic oxidation pattem was observed. An initial rapid oxidation

lasting less than a minute generated a stoichiometry consistent with sutRtt
oxidation to sulf,rte. The final slow oxidation pattern was concluded to be a
chemical reaction of sulfite with oxygen cataryzedby ferric iron.

6220



Table 6 Reduction of exogenous ferric iron by thiosulfate oxidation

Components of reaction mixture

a) Cells + ferric i¡on
+ thiosulfate a

b) Cells +
+ thiosulfate b

c) Cells + ferric iron

Concentration of
(mM)

d) Ferric iron
+ thiosulfate

0.0
1.0
2.1
4.3
8.6

lron

rence between a) and c)

The reactions were incubated for 15 min a@
The volume of the reaction mixtures was i.4 mL.

1.0
2.1
4.3
8.6

otal oxygen consumed
(nmol)

a. Colorimetric determination by 1,l0-phenanthroline.
b. Calculated from the decrease in the amount of oxygen uptake measured with 100 nmol of thiosulfate.c. No oxygen consumption observed.
d' Defined as : (Total number of electrons transferred to exogenous ferric iron from the oxidation of thiosulfate + Total number of electrons available

from the oxidation of thiosulfate) x l0O Vo
Eleckon count based on 4 electrons equivalent to one molecular oxygen consumed (Oz+ 4e' + 4tf -- ZHrO).Since the complete oxidation of 100nmol of thiosulfate consumed 200 nmol of oxygen (S2o32- + zo, + llro -- 2So+2 ì ilÐ,then the 

"onruÃpion 
of 200 nmol of oxygen was madepossible by 800 nmol of electrons.

0.0
1.0
2.I
4.3
8.6

200
180

168
150
130

0.0
1.0
2.1

4.3
8.6

Total ferrous iron formed

15

t39
t9t
263
333

0
80

128
200
280

Degree of coupling
(7o)

pH 3 and contained 25 mg of cells, FeCl3 as specified, and

10
<t
58
7T

58

5
87

133
t92
275

10
r6
25
35

100 nmol of thiosulfate.

11

L7

24
34

159
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Table 7. Summary of total oxygen consumed and the amount of reaction products formed
after the reduction of exogenous ferric iron by thiosulfate oxidation

Components of
reaction mixture

Total oxygen
consumed

(nmol)

Total ferrous
iron formed

(nmol)

Total sulfite
formed
(nmol)

Cells + thiosulfate u

Cells + HQNO b

+ thiosulfate

Cells + ferric iron "
+ thiosulfate

Cells + ferric iron

Cells

Cells + HQNO

Cells + HQNO
+ ferric iron
+ thiosulfate d

HQNO + ferric iron
+ thiosulfate

363

363-67 = 296(280)

8

185

194 (200)

167 (ts})

130

10

5

J

e7 (100)

0

06l

20

20

180 0

0

The reactions were incubated for 15 min at 25"C in 0.1
contained 32 mg of cells and components as specified.

M p-alanine-H2SOa pH 3 and
The volume of the reaction

mixtures was 1.6 mL.
( ) denotes expected values.

a. 100 nmol. thiosulfate.
b. 3.6 ¡rM HQNO.
c. 8.6 mM ferric iron.
d. A distinctively biphasic oxidation pattern was observed. An initial rapid oxidation

lasting less than a minute generated a stoichiometry very similar to thiosulfate
oxidation via the thiosulfate oxidizing enzyme pathway to sulfite (Pathway B in
Masau et a1.,2001). The f,rnal slow oxidation pattern may be a chemical reaction
of sulfite with oxygen catalyzedby ferric iron as reported in Table 5. Reduction
of ferric iron was distinct and was observed in all other instances as well. At the
present time an adequate explanation cannot be proposed.



Table 8. Reduction of exogenous ferric iron by formate oxidation

Components of reaction mixture

a) Cells + ferric iron
+ formate u

b) Cells + ferric iron
+ formate b

c) Cells + ferric iron

Concentration
(mM)

d) Fenic iron
+ formate

0.0
1.0

2.1
4.3
8.6

e) difference between a) and c)

mc lron

1.0 166 83z.t 156 784.3 ß2 968.6 ß4 s7

volume of the reaction mixtures was 1.4 mL.
a. Colorimetric determination by 1,10-phenanth¡oline.
b' Calculated from the decrease in the amount of oxygen uptake measured with 100 nmol of formate.c. No oxygen consumption observed.
d' Defined as : (Total number of electrons fransferred to exogenous ferric i¡on from the oxidation of formate + Total number of electrons availablefrom the oxidation of formate) x 100 Vo

Electron count based on 4 electrons equivalent to one molecular oxygen consumed (o2+ 4e' + 4rf ---+ z%ro).since the complete oxidation of 100nmol of formate consumed 50 nmol of oxygen (HCOOH + VzO2*-HzO + CO2), then the consumption of 50 nmol of oxygen was madepossible by 200 nmol of elechons.

0.0
1.0
2.t
4.3
8.6

Total oxygen consumed
(nmol)

0.0
1.0
2.1
4.3
8.6

8.6

50
30
26
20
L2

Total ferrous iron
nmol)

13

185

t76
22I
243

rmed

0
80
96

120
t52

Degree of coupling
(Vo)

1

t9
20
29
49

40
48
60
76

L6t
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Table 9 Reduction of exogenous ferric iron by exogenous substrate oxidation during
anaerobic incubation

Components of
Reaction mixture

Total ferrous
iron formed

(nmol)

Degree of
coupling "

(vo)

cells

cells + ferric iron "

+ 156 nmol DMSO/sulfur

+ I mmol Tween 80 sulfur

+ 100 nmol thiosulfate

+ 100 nmol formate

+ 100 nmol sulfite

72

456
456 -72=384

892
892 -72 = 820b

662
662-72= 590

t63
163-72=91

65

41

74

40

The reactions were incubated for 15 min under Nrg¡ at
pH 3 and contained 20 mg of cells, FeCl3 as specified, and exogenous substrates at the
amounts specified. The volume of the reaction mixtures was 1.4 mL. Chemical controls
were performed in the absence of whole cells and ferrous iron detected after the 15 min
incubation period were negligible.

a. 8.6 mM ferric iron.
b. It was not possible to determine the exact amount of Tween 80 sulfur that reacted

during the allotted time (15 min) during anaerobic incubation.
c. Defined as : (Total number of electrons transferred to exogenous ferric i¡on from

the oxidation of an exogenous substrate + Total number oi electrons available
from the oxidation of an exogenous substrate) x 100 Vo. Electron count was
previously defined in Table 3 for DMSO/sulfur, Table 6 for thiosulfate, and Table
8 for formate.
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Figure 1 Exogenous ferric iron reduction by endogenous respiration in various assay
buffers. The reactions were performed at25"C in the buffers specified and contained2O
mg of cells and4 ¡rmol of FeCl3. The volume of the reaction mixtures was I mL. The
results were based on 2 separate trials. The error bars are the standard deviation of the 2
trials.
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Figure 2 Exogenous ferric iron reduction by endogenous respiration in different
concentrations of p-alanine-H2SOa pH 3 . The reactions were performed at 25"C in p-
alanine-H2SOa pH 3 buffers of specified concentrations with each containrng20 mg of
cells and 4 pmol FeClg. The volume of the reaction mixtures was I mL. The results were
based on 2 separate trials. The error bars are the standard deviation of the 2 trials.
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Figure 3 Endogenous respiration in the presence of increasing concentrations of
exogenous ferric iron. a) Oxygen consumption by endogenous respiration in the presence
of increasing concentrations of exogenous ferric iron. b) Ferrous iron formation by
endogenous respiration in the presence ofincreasing concentrations ofexogenous ferric
iron. Expected ferrous iron formation was also determined based on inhibition of oxygen
consumption (oz + 4e- + 4rI* -- 2H2o; Fe3* + e- + F"t*). The reactions were
performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and contained ll2mgof cells and
exogenous ferric iron as specified. The volume of the reaction mixtures was 1.4 mL.
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Figure 4 Oxygen consumption by endogenous respiration by various cell concentrations.
Reactions were performed at 25CinO.1 M B-alanine-HzSO¿ pH 3 and contained cell
concentrations ¿N specified. The volume of the reaction mixtures was 1.2 mL.
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Figure 5 Exogenous ferric iron reduction by endogenous respiration during aerobic and
anaerobic incubation (under Nzrel). The reactions were performed at25"C in 0.1 M p-
alanine-H2SOa pH 3 and contained 20 mgof cells and4 ¡rmol of FeCls. The volume of
the reaction mixtures was I mL. The results were based on 3 separate trials. The error
bars are the standard deviation ofthe 3 trials.
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Figure 6 The effect of varying concentrations of cyanide on endogenous respiration by
exogenous ferric iron reduction. The reactions were performed at 25C inO.1 M p-
alanine-H2Soa pH 3 and contained 2o mgof cells, 4 pmol FeCl3, and KCN at the
concentrations specified. The volume of the reaction mixtures was 1 mL . The results
were based on 2 separate trials. The error bars are the standard deviation of the 2 tnals.
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Figure 7 Exogenous ferric iron reduction by endogenous respiration by a 5 mg/ml cell
concentration. a) Michaelis-Menten Plot. b) Lineweaver-Burk Plot. c) IÇ determination.
The reactions were performed atZlCin 0.1 M B-alanine-H2SOa pH 3 and contained 5
mg of cells and FeCl¡ as specified. The volume of the reaction mixtures was 1 mL. The
results were based on two separate trials. The error bars are the standard deviation of the
2 trials. The rates were conected for the release of endogenous reduced iron.
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tr'igure I Exogenous ferric iron reduction by endogenous respiration by a 10 mglml cell
concentration. a) Michaelis-Menten Plot. b) Lineweaver-Burk Plot. c) K¡ determination.
The reactions were performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 10
mg of cells and FeCl¡ as specified. The volume of the reaction mixtures was I mL. The
results were based on two separate trials. The error bars are the standard deviation of the
2 trials. The rates were corrected for the release of endogenous reduced iron.
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Figure 9 Exogenous ferric iron reduction by endogenous respiration by a 20 mg/mL cell
concentration. a) Michaelis-Menten PIot. b) Lineweaver-Burk Plot. The reactions were
performed at25C in 0.1 M B-alanine-HzSO¿ pH 3 and contained 20 mgof cells and
FeCls as specified. The volume of the reaction mixtures was 1 mL. The results were
based on two separate trials. The error bars are the standard deviation of the 2 trials. The
rates were corrected for the release ofendogenous reduced iron.
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Figure L0 Exogenous ferric iron reduction by endogenous respiration by a 40 mg/ml cell
concentration. a) Michaelis-Menten Plot. b) Lineweaver-Burk Plot. c) Hill Plot.
The reactions were performed at25C in 0.1 M p-alanine-HzSO¿ pH 3 and contained 40
mg of cells and FeCls as specified. The volume of the reaction mixtures was 1 mL. The
results were based on two separate triats. The error bars are the standard deviation of the
2 trials. The rates were corrected for the release of endogenous reduced iron.
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Figure ll Exogenous ferric iron reduction by endogenous respiration by a 80 mg/ml cell
concentration. a) Michaelis-Menten Plot. b) Lineweaver-Burk Plot. c) Hill Plot.
The reactions were performed at25C in 0.1 M p-alanine-H2SOa pH 3 and contained 80
mg of cells and FeCl3 as specified. The volume of the reaction miitures was 1 mL. The
results were based on two separate trials. The error bars are the standard deviation of the
Ztrj;als. The rates were colTected for the release of endogenous reduced iron.
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Figure 12 Endogenous ferric iron reduction by endogenous respiration in various cell
concentrations. a) Total iron (ferrous + fenic) and ferrous iron in the cell suspension.
b) Total iron (ferrous + fenic) and ferrous i¡on in the supernatant of the cell suspension.
c) Percent increase in ferrous iron in the cell suspension based on O-time reading. The
reactions were performed 25'C in 0.1 M p-alanine-H2SOa pH 3 and contained cell
concentrations as specified. The volume of the reaction mixture was 1 mL . Results were
based on 2 separate trials. The error bars are the standa¡d deviation ofthe 2 trials.
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Figure L3 Endogenous ferric iron reduction by endogenous respiration during anaerobic

incubation. The reactions were performed at25"C in 0.1 M p-alanine-HzSO¿ pH 3 and

contained 20 mgof cells and4 pmol FeCl¡. The volume of the reaction mixtures was I
mL.



1200

1000

o
g 8oo
É()
Ø
0)kÊ
6 600
t<
Ø

ok
e 4oo
E
F

200

Time (h)

-O- Írerobic incubation
..G Írnaerobic incubation



176

Figure 14 Dithionite reduced minus oxidized spectrum of cell free crude extracts of a)

thiosulfate grown cells and b) sulfur grown cells. Preparation of cell free extracts and the

technique used to obtain the spectra are outlined in materials and methods.
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