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Cell-free extracts of Thiobacillus ferrooxidans grown with thiosulfate as
energy source and prepared at high ammonium sulfate concentrations and at
low pH are capable of polythionate hydrolysis. The enzyme responsible for the
hydrolysis of tetrathionate (S,02") and pentathionate (S,02-) was purified to
homogeneity. Enzyme activity during the purification procedure was based on

a continuous spectrophotometric method that detects soluble intermediates
that absorb in the UV region. The end products of hydrolysis of both
polythionates by the pure enzyme were thiosulfate, sulfur and sulfate. The
purified enzyme has a pH optimum of around 4 and a temperature optimum of
65 °C. The activity is strongly influenced by the presence of sulfate ions. The
purified enzyme is a dimer with two identical subunits of molecular mass

52 kDa. During purification of tetrathionate hydrolase, fractions able to
hydrolyse trithionate and tetrathionate were separated, indicating that the
two substrates are hydrolysed by different enzymes.
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INTRODUCTION

During the dissimilation of thiosulfate by sulfur-
oxidizing bacteria, the intermediary production of
polythionates has frequently been reported for neutro-
philic and acidophilic organisms. Starkey (1935),
Trudinger (1964a, 1965), Vishniac (1952) and Meulen-
berg et al. (1992a) mentioned the production of tetra-
thionate from thiosulfate by Thiobacillus species. Tri-
thionate also seems to be an intermediate in thiosulfate
metabolism with Thiobacillus neapolitanus (Sklo-
dowska, 1988; Trudinger, 1964b), Thiobacillus thio-
parus (Vishniac, 1952), Thiobacillus strain C (Kelly &
Syrett, 1966) and Thiobacillus tepidarius (Lu & Kelly,
1988). During thiosulfate and tetrathionate degradation
by acidophilic Thiobacillus species, trithionate, penta-
thionate and sulfur were detected (Parker & Prisk,
1953; London & Rittenberg, 1964; Sinha & Walden,
1966; Okuzumi & Kita, 1965 ; Landesman et al., 1966).

Despite numerous investigations, the production and
metabolism of polythionates is not completely under-
stood. Okuzumi (1965, 1966) reported dismutation of
tetrathionate by cells and cell-free extracts of Thio-
acillus thiooxidans, resulting in the production of
trithionate and pentathionate. The process was sulfate-
dependent and proceeded at pH 3:0. T. neapolitanus
Strain X degraded tetrathionate and trithionate an-

aerobically. Variable concentrations of thiosulfate,
sulfur and minor amounts of trithionate and penta-
thionate were formed from tetrathionate, while tri-
thionate metabolism resulted in thiosulfate and sulfate
production (Trudinger, 1964b, c).

In studies with Thiobacillus ferrooxidans, the produc-
tion of tetrathionate from thiosulfate was also observed
(Pronk et al., 1990). The subsequent tetrathionate
degradation was found to be sulfate-dependent, as has
also been reported for T. acidophilus (Meulenberg et al.,
1992a) and for trithionate hydrolysis by T. tepidarius
(Lu & Kelly, 1988), and resulted in intermediate
‘hydrophilic sulfur’ production (Hazeu et al., 1988).

A working hypothesis for the mechanism of sulfur and
polythionate production from tetrathionate was de-
veloped by Steudel et al. (1987). The key reaction in this
model is the (enzymic) hydrolysis of tetrathionate to
sulfate and sulfane-monosulfonic acid:

$,02" +H,0 — HS,S0; + HSO; (1)

Sulfane-monosulfonic acid is postulated to play an
essential role in a chemical process of sulfur chain
elongation, ultimately resulting in the production of
sulfur as S; and sulfite (Steudel ez al., 1987, 1988 ; Hazeu
et al., 1988; Steudel, 1989). At present there is no
experimental evidence for this mechanism. Enzymic
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hydrolysis of tetrathionate to thiosulfate, sulfur and
sulfate has been shown in T. acidophilus (Meulenberg
et al., 1993a):

5,02 +H,0 - $+5,02" +S0% +2H* (2)

The enzyme for this reaction was partially purified and
shown to be different from the T. acidophilus enzyme
that converts trithionate to thiosulfate (Meulenberg et
al., 1992b). Tetrathionate hydrolase activity was shown
by measuring the production of protons [see reaction

(2)].

T. acidopbilus is a facultative chemolithotrophic bac-
terium frequently observed as a satellite population of
T. ferrooxidans cultures. The latter organism is an
obligate chemolithotrophic sulfur- and iron-oxidizing
bacterium active in the bacterial leaching of sulfidic
ores. As T. ferrooxidans, in spite of its name, is not
related to T. acidophilus (Lane et al., 1992), it is of great
interest to identify and purify the tetrathionate hydrolase
from T. ferrooxidans. However, the lack of a suitable
activity assay has complicated the search for this
enzyme.

This paper describes the hydrolytic degradation of
polythionates by cell-free extracts of T. ferrooxidans,
with emphasis on the development of a continuous
activity assay, and the purification and partial charac-
terization of tetrathionate hydrolase.

METHODS .

Organism and growth conditions. Thiobacillus ferrooxidans
ATCC 19859 (LMD 81.68) was grown in a chemostat culture
on thiosulfate (30 mM) at a dilution rate of 002 h™! as
previously reported (Hazeu et al., 1986).

Analytical procedures. Tetrathionate, pentathionate and thjo-
sulfate concentrations were determined by cyanolysis (Kelly et
al., 1969), modified for measurements at high ammonium
sulfate concentrations (Meulenberg et al., 1992b). Precipitated
sulfur was extracted overnight in acetone and analysed by
cyanolysis (Hazeu et al., 1988).

Development of continuous enzyme assays. Different
methods for measuring polythionate hydrolysis include meas-
urement of the product of trithionate hydrolysis, thiosulfate,
using HPLC or cyanolysis. A disadvantage of these methods is
their discontinuity. In addition, the cyanolysis reaction is not
specific for one sulfur compound (Kelly ez l., 1969). Therefore
continuous spectrophotometric tests were developed for both
trithionate and tetrathionate. As reported by Meulenberg
et al. (1992b), the conversion of trithionate into thiosulfate
can be followed at 220 nm as thiosulfate has a maximum
absorbance at this wavelength, while trithionate has its
maximum at 205 nm.

For analysis of tetrathionate conversion, a more empirical test
was developed. As pointed out in the Introduction, hydrolysis
of tetrathionate, according to reaction (1), might initiate
chemical or enzymic reactions, ultimately resulting in a
mixture of sulfur compounds as well as proton production. In
the region between 250 and 430 nm, enzymic hydrolysis of
tetrathionate resulted in increased light absorbance. This
increase may be explained by assuming the production of

intermediates with longer sulfur chains which also absorb at
these wavelengths, although their maximum absorbance may
be at higher wavelengths than tetrathionate (Baer & Carmack,
1949). As a compromise between sensitivity and practica]
applicability, the increase in A,,, was chosen to monitor the
hydrolysis of tetrathionate. The production of ‘hydrophilic
sulfur’ as one of the products of tetrathionate hydrolysis could
conveniently be followed at 430 nm. Control experiments
were carried out with extract inactivated by boiling for S min,
Anaerobic tests were carried out in stoppered cuvettes after
flushing with nitrogen gas for 5 min. Activity of tetrathionate
hydrolysis was expressed as AA,y, min™.

Discontinuous enzyme assays. Tetrathionate (1 mM) was
added to 2 ml of 1 M ammonium sulfate buffer (pH 3) in a
thermostat-controlled (30 °C) reaction chamber. After the
addition of protein, 0-2 ml samples were taken at desired time
intervals, immediately mixed with 5 pl 1 M NaOH and put on
ice to stop the reaction. Tetrathionate, thiosulfate and sulfur
concentrations were determined by cyanolysis. The specific
activity for calculation of enzyme activities after each sep-
aration step was expressed as U (mg protein)™ . One unit (U)
is defined as the amount of enzyme required for the hydrolysis
of 1 umol tetrathionate min!,

Enzyme purification procedure. Bacterial cells (24 g wet wt)
from a chemostat culture of T. ferrooxidans were collected at
4 °C and centrifuged (10 min at 12000 g). The biomass was
washed and resuspended in § m] of a buffer containing 25 mM
potassium phosphate and 2 M ammonium sulfate (pH 3) and
disrupted in a French pressure cell at 110 MPa. The suspension
was centrifuged for 20 min at 48000 g to remove most of the
cell debris. The supernatant was centrifuged for 120 min at
100000 g. The resulting clear supernatant (475 ml) was
applied to a phenyl-Sepharose column (5x 3 cm) that had
been equilibrated in buffer containing 25 mM potassium
phosphate and 2 M ammonium sulfate (pH 3). A gradient
from 2 to 0 M ammonium sulfate in 25 mM potassium
phosphate (pH 3) was applied at a flow rate of 4 mi min~! for
90 min. Pooled active fractions were concentrated with
Centriprep-30 (Amicon) and further purified on a Pharmacia
Superdex 200 column equilibrated with buffer containing
25 mM potassium phosphate and 1 M ammonium sulfate (pH
3} at a flow rate of 0-5 ml min™. The eluted active fractions
were stored at —80 °C,

Molecular mass determination. Native molecular mass was
determined by gel filtration on a Pharmacia Superdex 200
column equilibrated with buffer containing 25 mM potassium
phosphate and 1 M ammonium sulfate (pH 3) at a flow rate of
0-5 ml min™, as described by Meulenberg et al. (1992b).
Subunit molecular masses were determined under denaturing
conditions by SDS-PAGE according to Laemmli (1970) using a
10% polyacrylamide gel and Mini Protean equipment (Bio-
Rad). Enzyme samples were denatured by incubation for
5 min at 100 °C in 2% SDS and 10% g-mercaptoethanol. A
low molecular mass calibration kit (Pharmacia) was used to
derive the molecular masses. Gels were stained for protein
with Coomassie Brilliant Blue G250.

Spectroscopy. UV /visible absorption spectra were measured
on a Hewlett Packard 8524A diode array spectrometer.
Calculation of the specific absorption coefficient of the purified
enzyme was performed using the ratio between A,,, and Ayg,
as described by Van Iersel et al. (1985).

Determination of pH optimum, optimum temperature and
kinetic constants. The pH optimum of tetrathionate hydrolase
was determined with the standard assay buffer using the
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continuous activity assay at 290 nm. The pH was varied
perween 1-5 and 7 by adjusting the pH of the assay buffer with
cither 1 M H,SO, or 1 M NaOH. The temperature optimum
was studied with the standard assay buffer using the con-
rinuous activity assay at 290 nm. The temperature was varied
petween 15 and 75°C and the actual temperature was
measured in the cuvette. The kinetic parameters were de-
termined at pH 3 and 30 °C under standard conditions.

Chemicals. Sodium pentathionate and sodium hexathionate
were kindly supplied by Prof. Dr R. Steudel (Technical
University, Berlin, Germany). Trithionate was prepared as
described by Wood & Kelly (1986). All other chemicals were
analytical grade and obtained from commercial sources.

RESULTS
purification and physical properties

Cell-free extract of T. ferrooxidans prepared in high
concentrations of ammonium sulfate (1 M) and at low
pH (pH 3) hydrolysed trithionate, tetrathionate
[07 pmol min~™ (mg protein)™*] and thiosulfate. Ex-
tracts prepared at neutral pH in the presence of high
ammonium sulfate concentrations (1 M) or at low pH
(pH 3) without salt showed a decrease in the specific
activity of tetrathionate hydrolase of 93% and 70 %,
respectively, compared to the initial conditions. Ac-
tivities were measured immediately after preparation of
the cell-free extract. The purification scheme for the
isolation of the tetrathionate hydrolase is given in Table
1. The low pH and high salt concentration used for
preparation of the cell-free extract caused denaturation
of most proteins, leading to a supernatant after cen-
trifuging with a low protein concentration, 50% of
which appeared to be tetrathionate hydrolase. The
specific activity of the different fractions was calculated
from the quantitative discontinuous (cyanolytic) assay.
Although the mechanism of tetrathionate hydrolysis is
still unknown, the initial hydrolysis step was found to
result in an immediate increase in absorbance in the UV
region. Sulfur production could be observed after a
short lag phase (Fig. 1). This change in spectrum was
used as an empirical continuous method to monitor the
activity of numerous protein fractions during the puri-
fication procedure.

Active fractions obtained after gel filtration on Superdex
200 appeared to be homogeneous, as judged by peak
purity criteria as well as by SDS-PAGE. Determination

Absorbance
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Fig. 1. Increase in Ayy, (—) and A, (---) after addition of
1mM tetrathionate to cell-free extracts of T. ferrooxidans
suspended in 1M ammonium sulfate (pH 3). The final protein
concentration was 0-1 mg ml-",

of native molecular mass by gel filtration yielded a value
of 105 kDa; subunit mass determination by SDS-PAGE
yielded a value of 52 kDa. The absorbance spectrum of
the tetrathionate hydrolase is characterized by a single
peak at 280 nm and no absorbance above 300 nm (data
not shown).

The trithionate-hydrolysing fraction was completely
separated from the tetrathionate-hydrolysing fraction
obtained from the phenyl-Sepharose column. The total
amount of trithionate hydrolase protein appeared to be
very low, but easily detectable due to its high specific
activity.

Catalytic properties of the tetrathionate hydrolase

Incubation of the purified tetrathionate hydrolase with
tetrathionate led to the stoichiometric formation of
thiosulfate and sulfur (Fig. 2). The reaction proceeded at
the same rate under both aerobic and anaerobic con-
ditions. From the reaction stoichiometry [as shown in
reaction (2)] it can be seen that one equivalent of sulfate
should be produced. However, because of the sulfate
requirement in the assay buffer, sulfate production could
not be measured. The products initially formed from the
hydrolysis of tetrathionate and pentathionate by the
same enzyme differ in their UV /visible absorbance (Fig.

Table 1. Purification of tetrathionate hydrolase from thiosulfate-grown T. ferrooxidans

Purification step  Total protein Specific activity [U (mg Yield (%) Purification
(mg) protein)~']* factor

Cell-free extract 41 07 100 1

Phenyl-Sepharose 20 13 85

Gel filtration 18 14 80 21

*One unit (U) is defined as the amount of enzyme required for the hydrolysis of 1 pmol tetrathionate

min~?!,
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Fig. 2. The stoichiometry of tetrathionate hydrolysis. Purified
protein (0-04 mg ml~') was incubated in 17M ammonium
sulfate in a reaction chamber at 30 °C. After addition of 1 mM
tetrathionate, 25 ml samples were taken at appropriate time
intervals, immediately mixed with 40 pl 1M KOH and centri-
fuged. The concentrations of tetrathionate and thiosulfate in
the supernatant were detected by cyanolysis. The pellet was
washed with 2 M ammonium sulfate (pH 3), recentrifuged and
its sulfur content was determined after extraction with acetone.
M. tetrathionate; @, thiosulfate; A, sulfur.
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Fig. 3. Initial products formed by tetrathionate hydrolase from
tetrathionate and pentathionate. Purified tetrathionate
hydrolase (0-2 mg ml-') was incubated with 1 mM tetrathionate
or pentathionate in 1M ammonium sulfate (pH 3). Initial
products were determined by subtracting the absorbance
spectrum at time zero from the absorbance at 2 min. —,
initial product from tetrathionate; --- initial product from
pentathionate.

3), though the final products were the same. Analysis of
the final products after pentathionate hydrolysis led to
the following reaction scheme:

$;05”+H,0 — 28 +5,02" + 502 +2H* (3)

This shows that twice as much sulfur is produced from
pentathionate as from tetrathionate. The rate of penta-
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Fig. 4. Effect of ammonium sulfate and tetrathionate on the
activity of tetrathionate hydrolase. Stimulation of the hydrolysis
of tetrathionate by the tetrathionate hydrolase was
investigated at pH 3 at 30 °C. (a) Activity of the tetrathionate
hydrolase at varying concentrations of sulfate. Tetrathionate
concentration: M, 800 uM; [, 400 uM; @, 200 uM; O, 100 uM.
Sulfate concentrations lower than 10mM could not be
achieved because of the high sulfate concentration in the
enzyme sample after gel filtration. (b) Activity of the
tetrathionate hydrolase at varying concentrations of
tetrathionate. Sulfate concentration: W, 10 mM; [J, 20 mM; @,
50mM; O, 1000 mM. Tetrathionate concentrations below
100 pM were not measured because the total change in Ay, is
too low for accurate analysis.

thionate hydrolysis was 80% of that of tetrathionate
hydrolysis. Hydrolysis of hexathionate with tetra-
thionate hydrolase was not observed, though small
UV /visible changes were observed during incubation of
hexathionate with purified enzyme, caused by the
contamination of hexathionate with sub-stoichiometric
amounts of pentathionate.

Biochemical characterization of tetrathionate
hydrolase

Maximum tetrathionate hydrolysing activity occurred
at pH 4. At pH 1-5 and pH 7 the activity had decreased
to zero. Tetrathionate hydrolysis increased as the
temperature rose from 15 to 65 °C. Above 65 °C, the
activity gradually decreased.

The presence of high concentrations of sulfate ions
strongly stimulated tetrathionate hydrolysis as is shown
in Fig. 4(a). Sulfate could only be replaced by selenate,

502



Purification of tetrathionate hydrolase

and not by phosphate or chloride. Fig. 4(b) shows the
effect of varying tetrathionate and sulfate concentrations
on activity. With low concentrations of sulfate, in-
creasing amounts of tetrathionate show inhibition.
However, at a concentration of 1 M sulfate, increasing
concentrations of tetrathionate show an increase in

activity.

The kinetic parameters of tetrathionate hydrolase were
determined at pH 3 and 30 °C. The apparent K, for
tetrathionate was 50 pM at a concentration of 05 M
ammonium sulfate.

DISCUSSION

Tetrathionate hydrolase of T. ferrooxidans could rela-
tively easily be separated from other cell components,
which was partly due the fact that 50% of the total
protein in the cell-free extract consisted of this enzyme.
The enzyme is probably a homodimer. The dependence
of the isolation and purification on salt concentration
and low pH have also been observed with the poly-
thionate hydrolases of T. acidophilus (Meulenberg et
al., 1992b, 1993b).

The enzyme was only active with tetrathionate and
pentathionate, but not with trithionate and hexa-
thionate. Partially purified tetrathionate hydrolase of T.
acidophilus also showed no activity with trithionate
(Meulenberg et al., 1993b).

The pH optimum for tetrathionate hydrolase activity
from T. ferrooxidans is about 4, slightly higher than that
reported for the enzyme from T. acidophilus by Meulen-
berg et al. (1993b). This indicates that the enzyme is
probably periplasmic. The strong influence of sulfate on
the activity is in agreement with that found for tri-
thionate hydrolase and tetrathionate hydrolase from
T. acidophilus (Meulenberg et al., 1992b, 1993b). The
competitive effects of sulfate and tetrathionate on
enzyme activity were not observed in the latter and are
apparently specific to T. ferrooxidans. Ammonium
sulfate is required for both activity and stability of the
enzyme. The temperature optimum is around 65 °C,
which is relatively high for an organism with an optimal
growth temperature of 30 °C.

An important feature of the purification procedure was
the use of the continuous activity assay, making it
possible to quickly measure the activities of the fractions
after each separation step. This activity measurement is
based on the increase of absorbance in the UV region.
Though it is clear that the initial step of the hydrolysis
reaction is a cleavage between two sulfur atoms, the
identity of the first intermediates remains unclear. The
Instability of the compounds formed may lead to a
cascade of reactions ending in the formation of sulfur.
The latter can easily be monitored by its precipitation
during activity measurements. As can be observed at
430 nm, this happens after a lag period which is probably
necessary to form chains long enough to split off a S
molecule.

Recently, we have purified the tetrathionate hydrolase
of T. acidophilus to homogeneity using the same
spectrophotometric assay (unpublished results). How-
ever, more detailed spectrophotometric analysis in the
UV /visible region of intermediates formed in the re-
action showed substantial differences. The initial hy-
drolysis of tetrathionate therefore seems to be different,
showing that the mechanisms of both enzymes may not
be the same. A further analysis of these unstable sulfur
intermediates must wait the development of analytical
tools to identify and separate these compounds. Tetra-
thionate hydrolase is present in cell-free extract at
concentrations sufficient to explain the rate of thio-
sulfate and tetrathionate metabolism of T. ferrooxidans.
Tetrathionate is therefore a main candidate in the
oxidative metabolic pathway of thiosulfate to sulfate as
proposed by Meulenberg et al. (1992a).
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