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Activities of Iron Oxidase and Hydrogen Sulfide: ferric lon
Oxidoreductase of Thiobacillus ferrooxidans
isolated from natural environments
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It has been reported that both iron oxidase and hydrogen sulfide: ferric ion

oxidoreductase (SFORase) were involved in bacterial leaching of metal ions from

sulfide ores, and the amount of Cu?' solubilized from copper ore by iron-oxidizing

bacterium differed from strain to strain. The activities of iron oxidase and SFORase

of iron-oxidizing bacteria isolated from the natural environments were determined.
Iron-oxidizing activity and SFORase activity of 200 strains ranged from 1.20-1.65
umol/mg/min and from 0.1 1-2.80 gmol/mg/min, respectively. The findings that a
remarkable difference was observed in the levels of SFORase activity, but not in

iron-oxidizing activity, suggest that SFORase, but not iron oxidase, is the enzyme

that determines the bacterial leaching activity of this bacterium.
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Introduction

Copper and uranium are two minerals recover-
ed on a commercial scale using bicoleaching®. The
amount of copper produced by this method was
estimated to be more than 10 24 of the total U.S.
production?. The iron-oxidizing bacterium
Thiobactllus ferrooxidans has been considered one
of the most important microorganisms for bacte-
rial leaching of sulfide ores. This may be due to
the ability of this bacterium to oxidize both fer-
rous iron (Fe?*) and inorganic sulfur compound in
sulfide ores to ferric iron (Fe®**) and sulfate. The
ferric iron thus produced by iron-oxidizing
bacterium has been known to be a potent oxidant
for various metal ions. To breed valuable strains
of T. ferrooxidans for bacterial leaching, it is
important to identify in this bacterium the
enzyme that is involved directly in the solubiliza-
tion of metal ions from sulfides ores. The impor-
tance of iron oxidase in bacterial leaching is well

known®. However, there have been few reports
on enzymes apart from iron oxidase that are
involved in bacterial leaching. We have proposed
a sulfur oxidation route other than that previous-
ly reported for T. ferrooxidans®=®, in which ele-
mental sulfur is oxidized by three enzymes, name-
ly, hydrogen sulfide: ferric ion oxidoreductase
(SFORase), sulfite: ferric ion oxidoreductase,
and iron oxidase®'™. The following results
obtained by using 8 pure cultures of iron-
oxidizing bacteria isolated from natural environ-
ments suggest that SFORase compared to iron
oxidase is more important in solubilization of
Cu?* from copper concentrate: (1) 7. ferrooxidans
strains that showed high Cu?* solubilization
activity had a high SFORase activity; (2) the
strains that showed low Cu?* solubilization activ-
ity had a low SFORase activity; (3) no remark-
able difference in the levels of cellular iron-
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oxidizing activity were observed in all of the
strains tested'®'”. To clarify more precisely the
roles of SFORase and iron oxidase in bioleach-
ing, it is quite important to compare the levels of
iron and SFORase activities with much more
different cultures of iron-oxidizing bacteria. In
this work we compare the levels of iron and
SFORase activities among 200 iron-oxidizing
bacterial strains isolated from natural environ-

ments.
Materials and Methods

Microorganisms, media, and conditions of
cultivation 200 strains of iron-oxidizing bacteria
isolated from streams and soils were used in this
study. To isolate the bacteria, stream water or
soil samples were incubated at 30 °C under aero-
bic conditions in a Fe?t medium (pH 2.5) contain-
ing FeSO, - TH,O (3.0 %), (NH,).;S0, (0.3 %),
K,HPO, (0.5 %), MgSO, - TH,O (0.5 9), KCl
(0.1 %), Ca(NO;), (0.01 9%). When the culture
medium turned rusty, i.e., Fe’" in the medium
was oxidized by iron-oxidizing bacteria to Fe?*,
aliquots of the culture medium were plated on
gellan gum plates containing FeSO, - 7TH,O (2.0
%), yeast extract (0.03 %), and the same concen-
trations of salts as described above. Rusty col-
onies appearing on the plate were picked. This
process was repeated more than three times and
the final isolates were preserved on the the Fe?"
medium (pH 2.5) and used throughout this study.
The N -methyl-N’-nitro- N -nitrosoguanidine
(NG) treated T. ferrooxidans AP19-3 was prepar-

ed as follow. Washed intact cells of 7. ferroox-

tdans AP19-3 in 0.1 M citrate buffer (pH 5.0) was
incubated with 50 #mol/ml NG for 1 h at 30 °C,
washed with 0.1 M sodium phosphate buffer
(pH 7.0), and cultured in a Fe*" medium (pH 2.5)
for 5 days. Aliquots of the culture medium were
plated on the gellan gum plate (pH 2.5) containing
FeSO, - TH,0 (2.0 %), (NH,),S0, (0.3 %), K,HPO,
0.5 %), MgSO, - TH,O (0.5 %), KCl (0.1 %),
Ca(NOs3), (0.01 9). Rusty colonies appearing on
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the plate were picked. The isolates were preser-
ved on the Fe? medium (pH 2.5) and used
throughout this study.

Growth rate
particles by filtration of culture through a Toyo

Cells were separated from ore

no. 5C paper filter. The number of cells in the
filtrates was counted with a hemacytometer
(Kayagaki Irika Kogyo Co. Ltd.,, Tokyo) after
dilution with 0.1 N sulfuric acid, when necessary.
Each of the 200 strains
of iron-oxidizing bacteria was grown statically in
20 ml of Fe? medium (pH 2.5) at 30 °C. After
7 days cultivation, all of the medium (20 ml) was

Iron-xidizing activity

centrifuged at 12,000 X g for 10 min to obtain a
rusty precipitate containing cells and ferric
hydroxide. The precipitate was washed once with
20 ml of 0.1 M pB-alanine-S0O,*~ buffer (pH 3.0)
and suspended in 9.5 ml of 0.1 M g~alanine-SO,*~
buffer (pH 3.0). The activity was determined by
measuring the Fe®" oxidized in the reaction
mixture under aerobic conditions. The reaction
mixture was composed of 0.1 M g-alanine-50,*~
buffer (pH 3.0), washed intact cells, and FeSO, -
7H,0 (180 gmol). The total volume was 10.0 ml.
The reaction was carried out by shaking the
reaction mixture at 30 °C. A sample of the reac-
(0.5 ml)
centrifuged at 12,000 X g for 2 min, and the

tion mixture was withdrawn and
concentration of Fe?* in the supernatant (80 u«l)
was determined spectrophotometriaclly by the
method'®.

activity was also measured by oxygen uptake,

o-phenanthroline Iron-oxidizing
caused by the oxidation of Fe?", in a Warburg
manometer'?.

oxidoreductase

Hydrogen sulfide: ferric ion

activity  Activity was determined by measuring
the Fe?" produced in the reaction mixture under
aerobic conditions in the presence of sodium
cyanide or an inhibitor of iron oxidase. The
method used for the preparation of washed intact
cells from 20 ml of Fe? medium (pH 2.5) was the
same as that used for the determination of iron

oxidase. The reaction mixture was composed of
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0.1 M p-alanine-SO,* buffer (pH 3.0, 8 ml),
elemental sulfur (200 mg), Fe** (50 gmol), washed
intact cells and sodium cyanide (50 gmol). Total
volume was 10.0 ml. The reaction was carried out
by shaking the reaction mixture at 30 °C. A
sample of the reaction mixture was withdrawn
and centrifuged at 12,000 X g for 2 min to remove
elemental sulfur and cells, and the concentration
of Fe?" produced in the supernatant was mea-
sured by the o-phenanthroline method!®.
Protein concentration The amount of cell
protein produced in 20 ml of Fe?" medium was
measured by the following method. Each of the
strains of iron-oxidizing bacteria was grown
statically on 20 ml of Fe?" medium (pH 2.5) at
30 °C for 7 days. After 7-day cultivation, all of
the medium (20 ml) was centrifuged at 12,000 X g
for 10 min to obtain a rusty precipitate contain-
ing cells and a solid ferric hydroxide. Concen-
trated hydrochloric acid (1.0 ml) was added to the
precipitate to solubilize a solid ferric hydroxide.
The yellow solution produced was centrifuged at
12,000 X g for 10 min to remove cells from ferric
ion. Yellow clear supernatant containing ferric
ion was discarded. To the cell pellet obtained,
1.0 ml of 2N sodium hydroxide was added and
this was incubated for 5 min at 100 °C to dissolve
the cells-completely in the alkaline solution. A
rusty ferric hydroxide which appeared by this
alkaline treatment was removed by centrifuga-
tion at 12,000 X g for 10 min. Alkaline copper
solution (1.0 ml) and phenol reagent (0.1 ml) were
added to the 0.2 ml of supernatant obtained. After
incubation of the mixture for 2 min, an absorban-

ce at 660 nm was measured.
Results

Iron-oxidizing activities of 200 strains of ivon-
oxidizing bacteria  Iron-oxidizing activities of
iron-oxidizing bacteria grown in Fe?*-medium
were determined by a rapid method using 20 ml
of culture medium. The 150 pure strains of iron-

oxidizing bacteria isolated from stream waters
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and soils and 50 strains of 7. ferrooxidans AP19-3
that were treated with N -methyl-N’-nitro-N-
nitrosoguanidine (NG) were grown statically on
20 ml of Fe* medium (pH 2.5) at 30 °C. After 7
day cultivation, all of the media (20 ml) were
centrifuged at 12,000 X g for 10 min to obtain a
rusty precipitate. The rusty precipitate that
contained both cells and ferric hydroxide was
washed once with 20 ml of 0.1 M B-alanine-S0O,*”
buffer (pH 3.0) and used as an enzyme source for
determining iron-oxidizing activity in 20 ml of
culture medium. No remarkable difference was
observed in the levels of iron-oxidizing activity
among the 200 strains of iron-oxidizing bacteria
tested. The results obtained for 18 representative
strains are shown in Table 1. Among them NT-
103 was a representative strain of NG treated
T. ferrooxidans AP19-3. We could not find a
noticeable difference in the levels of iron-
oxidizing activity among 50 NG treated strains of
T. fervooxidans (data not shown). To estimate the
accuracy of our rapid method used for determin-
ing iron-oxidizing activity, the activity was also
measured by a conventional method using a
Warburg manometer'®. Washed intact cells of
strains AP19-3, OK-5, and NT-103 were obtained
culturing each of the three strains for 7 days in
10 liters of Fe?* medium (pH 2.5) under the forced
airation at 30 °C, collecting cells with centrifuga-
tion at 12,000 X g, and washing with 0.1 M 8-
alanine-50,%~ buffer (pH 3.0) three times. Iron-
oxidizing activities determined by a conventional
Warburg method were 1.22, 1.29, and 1.28 xmol/
mg/min for strains AP19-3, OK-5, or NT-103,
respectively (Fig. 1B), indicating that iron-
oxidizing activity determined by a Warburg
method corresponded with those obtained by the
rapid method developed in this study (Fig. 1A and
Table 1).

The effects of culture time on iron-oxidizing
activity were studied with strains AP19-3, OK-5,
and NT-103. Iron-oxidizing activities were mea-
sured after these strains were cultured in 20 ml of
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Fig. 1 Iron-oxidizing activities of iron-oxidizing bacteria strains AP19-3, OK-5 and NT1-103.
(A) iron-oxidizing activity’ measured by the rapid method described in Materials and Methods.
(B) Iron-oxidizing activity measured by a coventional Warburg manometer.
Symbols: @, AP19-3; [_], OK-5; A, NT1-103.

Table 1 Iron-oxidizing activities of the strains isolated from natural environments and strains of
Thiobacillus ferrooxidans AP19-~3 treated with N-methyl-N’-nitro~N-nitrosoguanidine
Strain Iron-oxidizing agtivity
(zmol/mg/min)
AP19-3 Yanahara mine, Okayama Prefecture 1.52
NAS-2 Susobanagawa, Nagano Prefecture 1.49
NAS-3 Matsukawa, Nagano Prefecture 1.38
NAS-+ Chikumagawa, Nagano Prefecture 1.63
NAS-5 Nojiriko, Nagano Prefecture 1.55
HY-1 Ikunochou, Hyogo Prefecture 1.52
OK-4 Hyakkengawa, Okayama Prefecture 1.65
OK-5 Tsuchihashi mine, Okayama Prefecture 1.50
OK-6 Kurashikigawa, Okayama Prefecture 1.20
OK-8 Nariwagawa, Okayama PPrefecture 1.51
SH-1 Misumigawa, Shimane Prefecture 1.20
TK-1 Yoshinogawa, Tokushima Prefecture 1.42
KO-1 Katsurahama, Kouchi Prefecture 1.46
FK-1 lizuka City, Fukuoka Prefecture 1.44
NG-1 Unzen, Nagasaki Prefecture 1.42
KG-1 Saginosuonsen, Kagoshima Prefecture 1.31
Funis 2-1 Soil from U.S.A. mine 1.47
NTI1-103 T. ferrvooxidans AP19-3 treated with NG 1.43

Fe?" medium (pH 2.5) for 5, 7, and 10 days. The
levels of iron-oxidizing activities of strains
AP19-3 cultured for 5, 7 and 10 days were 1.49,
1.52, and 1.12 #mol/mg/min, respectively. Nearly
the same results were obtained in the case of
strains OK-5 and NT-103. Growth curves of

AP19-3, OK-5, and NT-103 made by measuring
cell protein produced in 20 ml of Fe?* medium
(pH 2.5) are shown in Fig. 2. These growth curves
corresponded well with those made by counting
the number of cells in 20 ml of Fe?* medium with

a hemacytometer (data not shown).
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Hydrogen sulfide: fervic ion oxidoveductase
activities of 200 strains of iron-oxidizing bacteria
Hydrogen sulfide: ferric ion oxidoreductase
(SFORase) is present in the periplasmic space of
T. ferrooxidans and plays a crucial role in the

elemental sulfur oxidation of this bacterium®1%,

100

3]
(=]

Protein concentration (1 /20 mi)
°

Time (days)

Fig. 2 Growth of iron-oxidizing bacteria strains
AP19-3 (@), OK~5 (L)), and NT1-103 (A) in Fe?*
medium (pH 2.5).
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SFORase activities of iron-oxidizing bacteria
grown in Fe?*-medium were measured by a rapid
method using 20 ml of culture medium. The 200
pure strains of iron-oxidizing bacteria used in
this experiment were the same as those described
above. In striking contrast to iron-oxidizing
activity, the levels of SFORase activity of 200
iron-oxidizing bacteria tested differed markedly
from strain to strain, ranging from 0.11 to 2.80
umol/mg/min. The results obtained for 18 repre-
sentative strains of iron-oxidizing bacteria are

shown in Table 2.
Discussion

Iron oxidase and hydrogen sulfide: ferric ion
oxidoreductase are the most important enzymes
for iron-oxidizing bacterium Thiobacillus ferroox-
idans to generate energy for cell growth and cell
maintenance. Rapid methods for determining
both iron and SFORase activities and the concen-
tration of cell protein in 20 ml of culture medium
were developed to compare the activities of both
iron oxidase and SFORase for 200 strains of

iron-oxidizing bacteria isolated from the natural

Table 2 Hydrogen sulfide: ferric ion oxidoreductase activities of the strains isolated from natural environments and
strains of Thiobacillus ferrooxidans AP19-3 treated with N-methyl-N’-nitro—N-nitrosoguanidine

Hydrogen sulfide: ferric ion oxidoreductase
activity (mol/mg/min)

Strain
AP19-3 Yanahara mine, Okayama Prefecture
NAS-2 Susobanagawa, Nagano Prefecture
NAS-3 Matsukawa, Nagano Prefecture
NAS-4 Chikumagawa, Nagano Prefecture
NAS-5 Nojiriko, Nagano Prefecture
HY-1 Ikunochou, Hyogo Prefecture
OK -4 Hyakkengawa, Okayama Prefecture
OK-5 Tsuchihashi mine, Okayama Prefecture
OK-6 Kurashikigawa, Okayama Prefecture
OK-8 Nariwagawa, Okayama Prefecture
SH-1 Misumigawa, Shimane Prefecture
TK-1 Yoshinogawa, Tokushima Prefecture
KO-1 Katsurahama, Kouchi Prefecture
FK-1 lizuka City, Fukuoka Prefecture
NG-1 Unzen, Nagasaki Prefecture
KG-1 Saginosuonsen, Kagoshima Prefecture
Funis 2-1 Soil from U.S.A. mine

NT1-103

T. ferrooxidans AP19-3 treated with NG

0.58
0.42
0.35
0.58
2.50
1.29
1.07
0.12
0.21
0.50
0.48
0.44
0.11
0.58
2.36
0.88
2.80
0.58
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environments. We previously suggested that the
levels of Cu?* solubilized from copper ore differ-
ed markedly among eight strains of iron-
oxidizing bacteria isolated from the natural
environments!”. The findings that a remarkable
difference was observed in the levels of SFORase
activity, but not in iron-oxidizing activity among
the 200 strains of iron-oxidizing bacteria tested in
this experiment indicate that SFORase, but not
iron oxidase, is an important enzyme that deter-
mines the iron-oxidizing bacteria to solubilize
heavy metal ions from sulfide ores and also sug-
gest that SFORase, and not iron oxidase, is the
target enzyme when we try to breed an iron-
oxidizing bacterium having a high leaching activ-

ity for solubilizing metal ions.

References

1) Nicolaidis, A A. : Microbial mineral processing : the
opportunities for genetic manupulation. J. Chem.
Tech. Biotechnol., 38, 167-185 (1987)

2) Brierley, C. L. : Microbiological mining. Sci. Am.,
247, 42-49 (1982)

3) Lundgren, D. G., and M. Silver. : Ore leaching by
bacteria. Ann. Rev. Microbiol., 84, 263-283 (1980)

4) Silver, M. and D. G. Lundgren. : The thiosulfate-
oxidizing enzyme of Ferrobacillus ferrooxidans
(Thiobacillus ferrooxidans). Can. J. Biochem., 46,
457-461 (1968)

5) Silver, M. and D. G. Lundgren. : Sulfur-oxidizing
enzyme of Ferrobacillus ferrooxidans (Thiobacillus
Jferrooxidans). Can. J. Biochem., 46, 1215-1220 (1968)

6 ) Eccleston, M. and D. P. Kelly. : Oxidation kinetics and

chemostat growth Kkinetics of Thiobacillus ferroox-

idans on tetrathionate and thiosulfate. J. Bacteriol,,
34, 718-727 (1978)

7) Vestal, J. R. and D. G. Lundgren. : The sulfite oxida-
tion of Thiobacillus ferrooxidans. Can. J. Biochem., 49,
1125-1130 (1971)

8) Sugio, T., C. Domatsu, O. Munakata, T. Tano, and K.
Imai. : Role of a ferric ion-reducing system in sulfur
oxidation of Thiobacillus ferrooxidans. Appl. Eviron.
Microbiol., 49, 1401-1406 (1985)

9) Sugio, T., M. Mizunashi, K. Inagaki, and T. Tano. :

10)

11)

12)

13)

14)

16)

17)

18)

19)

Sci. Rep. Fac. Agr. Okayama Univ. Vol. 87
Purification and some properties of sulfur : ferric ion
oxidoreductase from Thiobacillus fervooxidans. J.
Bacteriol., 169, 4916-4922 (1987)

Sugio, T., K. Wada, M. Mori, K. Inagaki, and T.
Tano. : Synthesis of an iron-oxidizing system during
growth of Thiobacillus fervooxidans on sulfur-basal
salts medium. Appl. Environ. Microbiol., 54, 150-152
(1988)

Sugio, T., T. Katagiri, M. Moriyama, Y. L. Zhen, K.
[nagaki, and T. Tano. : Existence of a new type of
sulfite oxidase which utilizes ferric ion as an electron
acceptor in Thiobacillus ferrooxidans. Appl. Environ.
Microbiol., 54, 153-157 (1988)

Sugio, T. : Fundamental studies on the use of the
iron-oxidizing bacterium Thiobacillus fervooxidans.
Hakkokogaku, 67, 173-193 (1989)

Sugio, T., T. Katagiri, K. Inagaki, and T. Tano. :
Actual substrate for elemental sulfur oxidation by
sulfur ferric ion oxidoreductase purified from
Thiobacillus  ferrooxidans. Biochim. Biophys. Acta,
973, 250-256 (1989)

Sugio, T., T. Hirose, Y. L. Zhen, and T. Tano. :
Purification and some properties of sulfite : ferric ion
oxidoreductase from Thiobacillus ferrooxidans. J.
Bacteriol., 174, 4189-4192 (1987)

Sugio, T., White, K. J., Shute, E., Choate, D., and
Blake, R. C. : Existence of a hydrogen sulfide ferric
ion oxidoreductase in iron-oxidizing bacteria. Appl.
Environ. Microbiol., 58, 431 433 (1992)

Sugio, T., D. L. Santos, 1. Hirose, K. Inagaki, and T.
Tano. : The mechanism of copper leaching by intact
cells of Thiobacillus ferrooxidans. Agric. Biol. Chem.,
54, 2293-2298 (1990)

Sugio, T., and F. Akhter. : Solubilization of Cu®* from
copper ore by iron-oxidizing bacteria isolated from
the natural environment and identification of the
enzyme that determines Cu?' solubilization activity.
J. Ferment. Bioeng., 82, 346-350 (1996)

Sandell, E. B. : Colorimetric determination of trace
metals, 2nd ed. Interscience Publishers Inc., New
York (1950)

Sugio, T., S. Uemura, I. Makino, K. lwahori, T. Tano,
and R. C. Blake II. : Sensitivity of iron-oxidizing
bacteria, Thiobacillus ferrooxidans and Leptospivillum
Jferrooxidans, to bisulfite ion. Appl. Environ. Mi-
crobiol,, 60, 722 725 (1994)




February 1998 Iron-and Sulfur-oxidases from T. ferrooxidans

HRIRIE & V) BiB L /= Thiobacillus ferrooxidans &
HERLBFER UMLK ZEM LB RS

\

R Bl -BE BTl HIE- BN —if
(et - BERBMRERE)

FRERALRE R & B KE BRI R Ol b s 0 b D FIEA A > D77 ) T —F > T2
LTWBZ 2, i o4 284 4> OIS BBICIROWKM TRL 5 Z s s T b,
B RS L U b K BB AL B SR iG 1 7 F PR BB 0 & Wl L 72 SREE LA A 12 X0 L Tk & 47z, 2008k
DERIBALAH O FRRELBER M ORRAL K PRI BE TR TE PRI, £ 1L 411.20-1.65 xmol/mg/min f140.11
-2.80 pgmol/mg/min DHEPHIZH - 72, I L MHRENIC BT, BKERIUEER Ti3 % < wifb kKRB LB
FRIEHIZ KRELE D 5 &0 ) BRI, WA TRELBEEYZIOMED N7 T )T —F » 7iEH
ARET OMRTHL Z L2 TRRL T b,

83




