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Abstract: During growth on ferrous-iron Thtobactllus ferrooxtdans assimilated sul- 

phate into cellular material. Sulphate was rapidly bound by the cells and activated 

into adenosine 5'-sulphatophosphate prior to its reduction to sulphite and sulphide. 

The sulphate activation was mediated by the ATP-sulphurylase enzyme. The hetero- 

trophic strain of 7. ferrooxidans assimilated sulphate via the same route. Sulphate 

was not assimilated by the bacteria during growth on thiosulphate. Adenosine 3'- 

phosphate 5'-sulphatophosphate was not formed and APS-kinase activity not detected 

in T. ferrooxtdans grown on ferrous-iron, thiosulphate or glucose. Thiosulphate 

oxidation was preceded by its cleavage to sulphide and sulphite and the outer S-atom 

of thiosulphate was also incorporated into cellular material. Tetrathionate was 

formed from thiosulphate by the thiosulphate-oxidizing enzyme but this pathway was 

not studied any further. The thiosulphate-oxidizing enzyme activity was not detected 

m in iron-grown 7. ferrooxtdans. Enzymes mediating the oxidation of thiosulphate linked 

to oxidative and substrate-level phosphorylation were present in 7. ferrooxtdans grown 

autotrophically on ferrous-iron or thiosulphate or heterotrophically on glucose. 

Introduction 

Thtobaetllus ferrooxidans derives energy for growth and carbon dioxide fixation 

from the oxidation of inorganic sulphur compounds. The bacterium is also able to grow 

  

Abbreviations: ADP = adenosine 5'-diphosphate; AMP = adenosine 5'-monophosphate; 
APS = adenosine 5'-sulphatophosphate; ATP = adenosine 5'-triphosphate; GSH = reduced 

glutathione; NAD = nicotinamide adenine dinucleotide, oxidized form; NADH = nicotin- 

amide adenine dinucleotide, reduced form; PAPS = adenosine 3'-phosphate 5'-sulphato- 

phosphate; Pi = inorganic phosphate; PPi = pyrophosphate.
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autotrophically on ferrous-iron and heterotrophically on organic compounds, e.q. 

glucose. During the oxidation of fe or glucose, enerqy is required in the assimila- 

tive reduction of sulphate to sulphide prior to its incorporation into cellular mate- 

rial. During the growth on inorganic sulphur compounds, intermediates of the oxidative 

pathway may also serve as a sulphur source for biosynthetic reactions. Thus 7. ferro- 

oxtdans is an organism capable of both assimilative and oxidative sulphur metabolism 

depending on the substrate and growth conditions. These reactions are related to 

energy consumption during sulphate assimilation and to energy generation during sulphur 

compound oxidation. 

Some enzymes mediating the inorganic sulphur metabolism in 7. ferrooxtdans have 

been partially purified and characterized as summarized in Table 1. This paper reviews 

the various pathways and energy-linked reactions of inorganic sulphur compounds in 7. 

ferrooxtdans. Some of the enzymes studied in this work are listed in Table 2. Enzyme 

activities of the sulphur metabolism may be related to the various qrowth conditions 

and transient staqes of growth during the adaptation of the bacteria to grow on 

different substrates. These biochemical and physiological functions may also, in part, 

determine growth efficiencies and oxidative activities of bacteria in applied leaching 

operations which employ 7. ferrooxtdans for oxidizing sulphide minerals and regene- 

rating ferric sulphate solutions. 

TABLE 1 

Enzymes of sulphur metabolism characterized in Thtobactllus ferrooxidans 

  

  

Enzyme Purity Km pH~ Reference 

(fold) opt imum 

Rhod .58 mM Sp03 hodanese 38 0.58 m Bae 7.5 - 9.0 35 
11 mM CN 

Thiosulphate-oxidizing 250 0.9 mM “pon 5.0 29 

enzyme 

Sulphur-oxidizing 16 2 mM GSH 7.8 28 

enzyme 

Sulphite oxidase 7 0.58 mM S03 fh 65,0 40 

0.25 mM Fe(Cn)é 

ATP-sul phurylase 8 0.14 mM APS 76 8.0 15 

0.53 mM PPi 
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TABLE 2 

Enzymological methods 

  

  

Enzyme Reaction™ Kerned’ Reference 

Adenylate kinase 2 ADP + ATP + AMP A 5.38 

ADP-sul phurylase APS + Pi > ADP + SO, B 38 

APS-kinase APS + ATP +> PAPS + ADP A, 8 31 

APS-reductase S03 + AMP 2 APS +2 e. BC 1221 

ATP-sulphurylase APS + PPi = ATP + SO, A, B 512 

Rhodanese S)03 + CN > S03 + CN” D 6, 35 
Sulphite oxidase = = = + 4 
(AMP- independent) us + dae SO, + 2.e€ 4 2 H C 0 

: S03 + 5 HY + 3 NADH > 
Sulphite reductase Hes #4 MeO +o NAD D 9 

Thiosulphate-oxidizing 2 $65. a 6,06 fo C 29 

enzyme 

  

a) Arrows indicate the direction of the reaction assayed. 
b) A, bioluminescence; B, radioisotope; C, spectrophotometric; D, colorimetric, 

Assimilative sulphur metabolism 
  

Binding and incorporation of sulphate 

Sulphate was rapidly bound by the jiron-grown bacteria /37/. The amount of sulphate 

bound within 10 sec (ea. 1 nmole 35S-sulphate/mg dry weiqht of bacteria) remained 

constant for the subsequent 8 min. Equal amounts of sulphate were bound by the bac- 

teria in the presence of 40 mM ferrous~iron or glucose, whereas 10 mM tetrathionate 

depressed the binding by 80 %. 1 mM tungstate, vanadate, selenate, cysteine and 

methionine had little or no effect on the binding. Sulphate was not incorporated into 

APS within this period. 

Increasing amounts of sulphate were incorporated into the cells on long incubation 

of up to 8 h in the presenceof ferrous-iron. In contrast, in the presence of tetra- 

thionate or in the absence of an added energy source, the incorporation of sulphate 

remained at a constant level throughout the same period. A major portion of sulphate 

could be removed by washing the bacteria with cold 0.01 N H2S0,. The remaining sul- 

phate was detected in cold trichloroacetic acid-soluble compounds with trace amounts 

in the ethanol-soluble fraction /37/.
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Washed cells from a thiosulphate-grown culture of 7. ferrooxidans bound only trace 

amounts of sulphate within 15 sec. The level of the bound label remained constant 

over a 60 min period. Under these conditions the bacteria could not assimitate sul- 

phate probably because there was no added source of enerqy. In the presence of 20 mM 

thiosulphate the amount of sulphate bound by the cells was reduced by 50 %. 

The effect of thiosulphate on the sulphate binding - and that of tetrathionate in 

iron-grown cell suspensions - may result from various factors. Firstly, a reduced 

sulphur compound such as $03 or S06 may repress the sulphate uptake system and thus 

reduce the amount of sulphate bound by the cells. Further, these cells may be able 

to assimilate into cellular material intermediates produced during S03 and Sy0¢ 

oxidation instead of reducing sulphate to sulphide at the expense of more eneray. 

The assimilation of intermediates of the oxidative pathway is likely to have a requ- 

lating effect on the assimilative sulphate metabolism. In addition, thiosulphate and 

tetrathionate may inhibit the sulphate binding and uptake system if these sulphur 

compounds compete for the same binding sites on the cell surface. 

Activation of sulphate 

Cell suspensions of jron-grown bacteria activated sulphate to APS when Fe’ was 

present as an energy source /37/. No APS was formed when these cells received sulphate 

and either tetrathionate, glucose or no added source of enerqy. Glucose could pro- 

bably not serve as an energy source under these conditions since the iron-arown bac~ 

teria were not adapted to organic substrates. 

The sulphate-activating enzyme ATP-sulphurylase was present in the bacteria qrown 

on ferrous-iron, thiosulphate or glucose (Table 3). During arowth on fe! or glucose 

the sulphate assimilation is mediated by this enzyme. However, sulphate was not acti- 

vated to APS during growth linked to thiosulphate oxidation. Thus the enzyme may 

perhaps not have a function under these conditions. Alternatively, it may be involved 

in the substrate-level phosphorylation to produce ATP and sulphate from APS and pyro- 

phosphate during sulphur compound oxidation. This is, however, very unlikely since 

pyrophosphate production from inorganic phosphate is thermodynamically unfavourable. 

T. ferrooxtdans has been previously shown to have an inorganic pyrophosphatase /14/, 

Comparison of the properties of ATP-sulphurylase from ferrous~iron and thiosulphate- 

grown I. ferrooxtdans indicated no major differences /15/. These observations indicate 

that the sulphate-activating enzyme is present irrespective of the qrowth substrate 

and possible function in the cell metabolism. 

Whole cells and cell-free extracts (S19, Py9) were also used to assay the formation 

of PAPS during sulphate activation (Table 3). The cells were grown on Fe’, $503 or 
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TABLE 3 

Enzyme activities of assimilative and oxidative 
sulphur metabolism in Thtobactllus ferrooxtdans 

  

  

Enzyme Cell fraction of Specific activity (nmoles/min mg protein) 

maximum activity Autotrophic Heterotrophic 

$03 Fe’ Glucose 

ATP-sulphurylase Si0s 0.34 0.28 0.33 

APS-kinase Shia 0 0 0 

Thiosulphate-oxidizing b) shane Sine 12.0 0 33.8 

Rhodanese Pio 110 30.4 28.4 

AMP-independent sulphite c) 
oxidase Pio o\2 q a 

ADP-sulphurylase Pig 4.70 0.66 B20 

Adenylate kinase S105 12.71 12.49 9.03 

  

a) High-speed fractions (S95, P95) not tested. 
b) No activity was detected in any of the fractions. 
c) Specific activity varied between 0 and 1.8 in other fractions. 

glucose and received either APS and ATP or SO, and ATP at the beginning of the expe- 

riment. PAPS was not detected under any of the conditions employed; these included 

a wide range of substrate concentrations and incubations of up to 60 min, coupled with 

both radioisotope and bioluminescence methods. It can be concluded that APS-kinase 

activity is not present and PAPS is not involved in the assimilative sulphur metabo- 

m lism in 7. ferrooxidans. 

Reductive reactions in the assimilative pathway 

Both APS-reductase and NADH-linked sulphite reductase activities were present in 

cell-free extracts of 7. ferrooxtdans grown autotrophically (Fa, S03) or heterotro- 

phically /38/. It is very unlikely that the APS-reductase enzyme mediates the reduc- 

tion of APS to sulphite and AMP during thiosulphate oxidation as the major path of 

sulphur proceeds in the opposite oxidative direction. The reduction of sulphite to 

sulphide is also unlikely to occur under these conditions since there is a continuous 

supply of S from the initial cleavage reaction preceding the oxidation of thiosul~ 

phate.
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In conclusion, the autotrophic and heterotrophic cells have all the enzymes which 

mediate the assimilative reduction of sulphate via APS and sulphite to sulphide al- 

though the enzymes mediate these reactions only during qrowth on Fe** or qlutose. 

Sulphite reductase-activity has also been demonstrated in 7. denitrificans /27/ but 

its function remains unclear since the enzyme may not actually be required to produce 

sulphide for its incorporation into cellular material when the orqanism is qrowing on 

reduced sulphur compounds. Another point of interest has been observed in 7. tnter- 

medius which, on the adaptation to heterotrophic growth, is not able to assimilate 

sulphate but requires reduced organic sulphur compounds in the culture medium /30/. 

Incorporation of 35S into cellular material 

As already discussed, sulphate was assimilated and reduced prior to its incorpora- 
; ; ; j aac 2+ Ae 

tion into cellular material in cell suspensions oxidizing Fe for energy. A similar 

scheme was envisaged for the bacteria adapted to grow on glucose since sulphate was 

the only S-source in the glucose medium and all the enzyme activities mediating the 

reduction of sulphate to sulphide were detected in the heterotrophically grown cells. 

Using differentially labelled 35§-thiosul phate (outer or inner S-atom labelled) it 

was shown that washed cell suspensions of thiosulphate-qrown bacteria incorporated 

increasing amounts of the outer 3°S from thiosulphate into various cellular materials 

over a 60 min incubation period (Table 4). In contrast, negligible amounts of the 

tracer were detected in the various fractions after incubating the cells with inner 

35S-labelled thiosulphate. In homogenates of broken cells 355 was incorporated into 

ethanol- and trichloroacetic acid-precipitated protein from 3°S-labelled thiosulphate 

/15/. O-asetylserine enhanced the incorporation of the label from outer 2°S-thiosul- 

phate (Table 4) suggesting the involvement of the O-acetylserine sulphhydrase reaction: 

O-acetylserine + HoS > cysteine + acetate 

No tracer was detected in the protein fractions using ?°S-sulphate instead of labelled 

thiosulphate (Table 4). 

Prior to its incorporation into cellular material, the utilization of thiosulphate 

was probably preceded by a cleavage reaction since the incorporation clearly showed 

preference for the outer 2°S-atom: 

(outer 3°S-atom) 355+S03 + 355° + S03 

(inner 35S-atom) S-35s03 + § + 35503 3 

It should be emphasized, however, that while detectable amounts of the tracer from 

thiosulphate were incorporated into the various fractions, the major path of the thio- 

sulphate utilization was probably mediated via oxidative reactions to produce sulphate 

coupled with ATP generation.
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TABLE 4 

Incorporation of 39S into Thtobactllus ferrooxidans 

  

  

Addition Label Incorporation 

Experiment _| nmoles 35S/60 min mg dry weight 

(combined fractions) 

Washed cells outer 25S-thiosulphate 30.07 

inner 25S-thiosulphate 0:53 

Experiment || nmoles 355/60 min mg protein 

(trichloroacetic acid-precipitated 

protein fraction) 

Broken cell homogenate outer 35S-thiosulphate 43 

inner 3°S-thiosulphate 32 

35S-sul phate 0 

Broken cell homogenate outer 35S-thiosul phate 251 

and O-acetylserine inner 35S-thiosul phate 37 

355-sul phate 0 

  

Thiosulphate uptake 

An active thiosulphate uptake system was established in 7. ferrooxtdans /15/. The 

uptake was proportional to the cell density and had a pH-optimum of about pH 3.6, 

The relatively high temperature optimum of 50° C (above the limit of temperature suit- 

able for growth) also suggested an active uptake system when compared with parallel 

experiments using boiled cell suspensions. A varying degree of inhibition was observed 

with Group VI anions which are known to inhibit sulphate uptake systems in other mic- 

roorganisms. 

Oxidative metabolism of inorganic sulphur compounds 
  

Oxidation of thiosulphate to tetrathionate 

An active thiosulphate-oxidizing enzyme was present in 7. ferrooxidans qrown on 

thiosulphate or glucose (Table 3). This activity was not detected in cells harvested 

from a ferrous~iron-grown culture. It has been demonstrated previously /17, 39/ that
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the bacteria adapt easily from growth on Fe’* to that on $406 whereas the transition 

from fe to S903 takes place with difficulty. The absence of the thiosulphate-oxi- 

dizing enzyme may explain this observation provided that the formation of té@trathio- 

nate is the initial reaction during thiosulphate oxidation. The oxidation is also 

initiated via the cleavage of thiosulphate to produce intermediate sulphide and sul- 

phite which are then further oxidized without the intermediate formation of polythio- 

nates. The oxidation of tetrathionate was not studied further in these experiments. 

Various routes have been suggested for the polythionate pathway in thiobacilli /3, 

16, 25/ but these have not been confirmed with enzymological studies. Tetrathionate 

may be cleaved to form $306 and SO, and further to $503 and S04 /18/,.  |t has also 

been observed that under anaerobic conditions tetrathionate is converted back to 

thiosulphate without the involvement of intermediate polythionates /17/. 

Oxidation of thiosulphate via its cleavage 

The rhodanese activity, which also mediates the cleavage of the thiosulphate mole- 

cule, was detected in cell-free extracts of 7. ferrooxidans arown under different 

conditions (Table 3). This cleavage reaction may also be assayed using the thiosul- 

phate reductase method /11/ but this was not tested in the study. 

It is known that sulphite and sulphide react chemically with tetrathionate /34/: 

S$ +S, 0¢ > 2 S505 + 5° 

$03 + SiO + S05 + S30, 

The purely chemical reduction of tetrathionate to thiosulphate is virtually instanta- 

neous at room temperature. These chemical reactions may also provide a point of cont- 

rol of the simultaneous operation of the two pathways of thiosulphate oxidation which 

may also be affected by factors such as pH and 0» pressure in the medium, 

Sulphite cleaved from thiosulphate could be oxidized by the AMP-independent sul- 

phite oxidase linked to the electron transfer chain (Table 3). This activity, and 

the one involving APS-reductase enzyme which catalyses the production of APS from 

sulphite and AMP, was found in cell-free extracts of the bacteria. A radioisotope 

method was employed to detect the APS-reductase activity in cell-free extracts since 

the spectrophotometric assay did not specifically distinguish the two sulphite oxi- 

dases /38/, 

The greatly decreased sulphite oxidizing activity in iron-grown 7. ferrooxidans 

may reduce the efficiency of the coupling of sulphur metabolism with electron trans- 

port carriers and oxidative phosphorylation. Consequently, the iron-qrown bacteria 

may not readily adapt to derive energy for growth from sulphur compound oxidation,
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The metabolism of APS was coupled with the substrate-level phosphorylation by the 

ADP-sulphurylase and adenylate kinase activities (Table 3) in extracts of 7. ferro- 

oxtdans grown on different substrates. 

In this context it is of interest to note that AMP is a potential inhibitor of 

carbon dioxide fixation via the Calvin cycle /19/. The APS-reductase pathway is 

dependent on a continuous supply of AMP to produce APS from S03. Thus the oxidation 

of sulphite via APS is more or less cyclic with respect to AMP which might otherwise 

build up to an inhibitory level in the cell. Further, should the ATP generation via 

APS be mediated by the ATP-sulphurylase enzyme as discussed earlier, this process 

would not generate AMP required for the APS-reductase reaction but would depend on 

the supply of AMP from other cellular reactions, 

The electron transfer chain also receives electrons from the APS-reductase reaction. 

Since the oxidation of sulphite is coupled with the electron transfer-linked oxidative 

phosphorylation and the substrate-level phosphorylation, it is difficult to assess 

the relative contributions of the two routes of sulphite oxidation coupled with the 

two ATP-generating systems. 

Growth on thiosulphate and tetrathionate 
  

In unneutralized cultures the growth of 7. ferrooxidans on thiosulphate (20 mM) 

was accompanied by an exponential increase in viable numbers of the bacteria, optical 

density (dry weight) and the amount of C0, assimilated, which were closely correlated 

with each other /39/. The oxidation of thiosulphate was followed by the accumulation 

of tetrathionate which was subsequently oxidized to sulphate. Only trace amounts of 

intermediate sulphite (< 0.2 umoles/ml) could be detected during the qrowth cycle, 

The mean generation time was 8.5 h. 

During growth on tetrathionate (10 mM) strong correlation existed between viable 

numbers, optical density and the amount of CO. fixed. Thiosulphate, sulphite or tri- 

thionate was not detected during the growth cycle. The mean qeneration time was 10 h 

during exponential growth. 

The growth yields of 7. ferrooxtdans on $03 and $4.06 are presented in Table 5. 

¥ Energetic considerations 

The energy metabolism of thiobacilli has been discussed in excellent reviews /4, 

20, 33, 36/ and will not be considered at length in this context. It has been shown 

that thiosulphate oxidation is accompanied by oxidative and suhstrate-level phospho-
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TABLE 5 

Growth yields of Thtobactllus ferrooxidans batch cultures 
on thiosulphate and tetrathionate 

  

  

Substrate Number of CO» fixed Dry weight 

(1 g mole) bacteria (mmoles) (mg) 

$403 3.8 x 10!3 210 5900 

$406 6.8 x 1013 350 9800 
  

rylation. The substrate-level phosphorylation generates 0.5 ATP for each SO, formed 

via APS and possibly no more than 1 ATP/2 e is likely to be formed via the electron 

transfer-linked oxidative phosphorylation because of the relatively late point of 

entry of the electrons into the electron transport chain /7, 8, 23/. Theoretically, 

the oxidation of 1 $03 would yield 5 ATP if both S-atoms would pass through the APS 

sequence of reactions (4 ATP by oxidative phosphorylation + 1 ATP by substrate-level 

phosphorylation; $203 > 2 $0, + 8 e7). A minimum of 5 ATP is required to fix 1 CO 

via the Calvin cycle (3 ATP and 2 NADH; 1 ATP required for each NAD reduced). This 

would give a theoretical yield of 200 mmoles C0./1 mole $203 oxidized which is near 

the observed fixation of 210 mmoles C02/1 mole $203 oxidized (Table 5). However, this 

estimate is likely to be too low for ATP production as probably 2-3 or more ATP, rather 

than 1, are needed to effect NAD reduction /26/. 

Energetic calculations are, however, to be considered with caution since no allow- 

ance is usually made for a) the entropy changes /10/; b) the conversion of carbohyd- 

rate to cell material (an average of 2.9 ATP/1 q atom C has been suggested /13/); c) 

the influence of the maintenance energy on molar growth yields in batch cultures /22, 

32/. Moreover, the amount of ATP required for NAD reduction is not known; values of 

1-1.3 ATP/NAD(P) have been suqgested for T. novellus /2/ and T. neapolttanus /13/ 

although at least 2-3 ATP/NAD is much more likely /26/. It has also been suggested 

that, instead of the reduction of NAD through the reverse electron transfer, direct 

reduction of NAD by an inorganic substrate might be possible and energetically more 

favourable if the redox potentials of the cytochromes involved were low enough /24/, 

This suggestion overlooks the fact that the electron acceptor receiving electrons from 

a substrate like sulphite is governed not by the name classification of the acceptor 

(e.g. cytochrome c) but by the electrode potential of the acceptor. Sulphite oxida- 

tion, for example, could not therefore couple with the reduction of a low-potential 

cytochrome,
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Concluding remarks 

T. ferrooxtdans has many biochemically versatile activities mediating assimilative 

and oxidative reactions of inorganic sulphur compounds. These reactions are inter- 

related and under metabolic control while coupled with energy generating systems in 

this bacterium, This review has elucidated the metabolism of the soluble sulphur 

compounds whereas very little is currently known about the biochemistry of the oxida- 

tion and utilization of insoluble compounds of sulphur. This aspect, which is parti- 

cularly relevant to leaching situations involving bacterial solubilization of sulphide 

minerals, remains to be studied in biochemical detail. Although the autotrophic 

growth of thiobacilli on metal sulphides has been demonstrated in various leaching 

studies, one should know more about the mechanism and enzymology of the oxidative 

reactions of sulphide minerals in order to be able to control and predict the bacte- 

rial action in applied leaching operations. 
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