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Thiosulfate dehydrogenase is known to play a significant role in thiosulfate oxidation in the acidophilic, obligately chemo-
lithoautotroph, Acidithiobacillus ferrooxidans. Enzyme activity measured using ferricyanide as the electron acceptor was de-
tected in cell extracts of A. ferrooxidans ATCC 23270 grown on tetrathionate or sulfur, but no activity was detected in ferrous
iron-grown cells. The enzyme was enriched 63-fold from cell extracts of tetrathionate-grown cells. Maximum enzyme activity
(13.8 U mg�1) was observed at pH 2.5 and 70°C. The end product of the enzyme reaction was tetrathionate. The enzyme reduced
neither ubiquinone nor horse heart cytochrome c, which serves as an electron acceptor. A major protein with a molecular mass
of �25 kDa was detected in the partially purified preparation. Heme was not detected in the preparation, according to the results
of spectroscopic analysis and heme staining. The open reading frame of AFE_0042 was identified by BLAST by using the N-ter-
minal amino acid sequence of the protein. The gene was found within a region that was previously noted for sulfur metabolism-
related gene clustering. The recombinant protein produced in Escherichia coli had a molecular mass of �25 kDa and showed
thiosulfate dehydrogenase activity, with maximum enzyme activity (6.5 U mg�1) observed at pH 2.5 and 50°C.

Acidithiobacillus ferrooxidans is an acidophilic, chemolithoau-
totrophic bacterium that derives energy from the oxidation of

ferrous iron and reduced inorganic sulfur compounds (RISCs).
This bacterium is one of the key organisms used in industrial
bioleaching applications (1, 2). The oxidation of ferrous iron by
this bacterium has been previously examined in great detail (3–6).
Some enzymes or proteins previously found and thought to be
involved in the aerobic oxidation of RISCs by A. ferrooxidans in-
clude thiosulfate dehydrogenase (7, 8), thiosulfate:quinone re-
ductase (9), sulfur dioxygenase (10), sulfur:ferric ion oxidoreduc-
tase (11), sulfite:ferric ion oxidoreductase (12), a rhodanese-like
protein (2, 13–15), sulfide:quinone oxidoreductase (SQR) (16,
17), and tetrathionate hydrolase (TTH) (18). RISCs are chemi-
cally reactive, and thus, some reactions can occur nonenzymati-
cally. The mechanism of the biological sulfur oxidation in this
bacterium remains elusive.

We proposed that sulfide and tetrathionate are intermediates
of sulfur oxidation in A. ferrooxidans and are further metabolized
by TTH and SQR (16–18). A bd-type ubiquinol oxidase is also
involved in sulfur oxidation (19). TTH catalyzes the hydrolysis of
tetrathionate to thiosulfate, sulfur, and sulfate (18). Thiosulfate
has also been postulated as a key intermediate compound in the
oxidation of the sulfur moiety of pyrite (thiosulfate pathway) (20).
Thus, thiosulfate is also thought to be a key intermediate of sulfur
oxidation in A. ferrooxidans, and the elucidation of its mechanism
is an important and relevant research problem.

Numerous chemolithotrophic sulfur-oxidizing microorgan-
isms can utilize thiosulfate as an electron donor in their respira-
tion (21, 22). At least four biochemical pathways associated with
thiosulfate oxidation have been found in microorganisms (22).
The first pathway was reported in Thiobacillus versutus (now
known as Paracoccus versutus), which oxidizes thiosulfate by using
the multi-enzyme complex system (Sox system). The Sox complex
is widely distributed in bacteria (23). Genes encoding sox ho-

mologs have been found in acidophilic sulfur oxidizers Acidithio-
bacillus caldus (24, 25) and Acidithiobacillus thiooxidans (26), the
neutrophilic sulfur oxidizer Thiobacillus denitrificans (27), and the
iron- and/or sulfur-oxidizer Acidithiobacillus ferrivorans (28), al-
though the sox genes are not necessarily complete. However, ho-
mologous genes have not been found in the A. ferrooxidans ATCC
23270 genome.

The second pathway has been reported in Starkeya novella,
which possess a Sox complex, albeit an incomplete one. In addi-
tion to the Sox complex, it uses a membrane-bound multienzyme
complex, which includes rhodanese, sulfur-oxidizing enzyme,
sulfite:cytochrome c oxidoreductase, and cytochrome c oxidase
(29).

The third pathway mainly occurs in Acidithiobacillus, Thermi-
thiobacillus, Halothiobacillus, Acidiphilium, and Tetrathiobacter.
These bacterial species oxidize thiosulfate through the formation
of a tetrathionate intermediate (known as the S4 intermediate
pathway) (9, 30–33). In this pathway, thiosulfate is oxidized in the
periplasmic space by thiosulfate dehydrogenase, which requires a
c-type cytochrome as an electron acceptor and/or a c-type heme
molecule in the protein. Several thiosulfate-oxidizing and tetra-
thionate-forming thiosulfate dehydrogenases have been identified
and characterized from the periplasmic or soluble fractions of
both chemolithotrophic and phototrophic sulfur bacteria (7, 8,
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32, 34–38), and genes encoding these proteins have not been iden-
tified until recently. The first identified gene (tsdA) responsible for
the tetrathionate-forming thiosulfate dehydrogenase was re-
ported in the purple sulfur bacterium Allochromatium vinosum
(39). However, a homologous protein has not been found in any
of the Acidithiobacillus genomes.

The fourth pathway was reported in the thermoacidophilic ar-
chaeon Acidianus ambivalens, in which thiosulfate is metabolized
by a membrane-bound, tetrathionate-forming thiosulfate:qui-
none oxidoreductase (TQO) (40). Although a suite of genes po-
tentially encoding TQO has been identified in A. ferrooxidans (5),
A. caldus (24, 25), A. thiooxidans (26), and A. ferrivorans (28), the
biochemical function of TQOs in these bacterial species remains
elusive.

Two thiosulfate-oxidizing enzymes from A. ferrooxidans have
been purified (7, 8). Silver and Lundgren reported that the thio-
sulfate dehydrogenase enzyme did not possess a heme molecule,
and its optimal activity was observed at pH 5.0 (8); however, nei-
ther its subunit composition nor its natural state as membrane-
bound or soluble have been established. Janiczek et al. (7), on the
other hand, reported that the enzyme’s optimal activity was ob-
served at pH 3.0 and that it was composed of four identical sub-
units with molecular masses of �45 kDa, but its corresponding
gene has not yet been identified. In this report, for the first time,
we describe the genetic information on tetrathionate-forming
thiosulfate dehydrogenase in A. ferrooxidans ATCC 23270.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. A. ferrooxidans ATCC
23270 was grown aerobically in 9K medium (pH 2.5) supplemented with
3% (wt/vol) FeSO4 · 7H2O, 1% (wt/vol) elemental sulfur or 5 mM tetra-
thionate (K2S4O6) at 30°C (18, 19). When growth was observed on tetra-
thionate, up to 3 mM additional tetrathionate was added to the culture
after 8 days of cultivation. Escherichia coli strains DH5� and BL21(DE3)
(Applied Biosystems, Inc., Carlsbad, CA), commonly used as host cells for
cloning and recombinant gene expression, were aerobically grown in
Luria-Bertani (LB) medium. Ampicillin (50 �g ml�1) was added to the
medium as needed.

Enzyme assay. Thiosulfate dehydrogenase (TSD) activity was indi-
rectly measured by monitoring the reduction of ferricyanide. The reaction
mixture contained 50 mM �-alanine buffer (pH 2.5), 1 mM K-ferricya-
nide, 10 mM Na-thiosulfate, 200 mM Na-sulfate, and the enzyme prepa-
ration. The reaction was initiated by adding thiosulfate at 40°C. The re-
duction of ferricyanide was monitored by measuring the absorbance of
the reaction mixture at 420 nm. One unit of activity (U) is defined as 1
�mol of ferricyanide reduced per min. TQO activity was measured as the
decrease in absorbance at 275 nm. The reaction mixture contained 50 mM
�-alanine buffer (pH 2.5), 30 �M ubiquinone-2 (Eizai Co., Tokyo, Ja-
pan), 10 mM Na-thiosulfate, and the enzyme preparation. Thiosulfate:
cytochrome c oxidoreductase activity was measured as the increase in
absorbance at 550 nm. The reaction mixture contained 50 mM �-alanine
buffer (pH 2.5), 0.1 mg ml�1 of an oxidized horse heart cytochrome c, 10
mM Na-thiosulfate, and the enzyme preparation. Sulfite:ferricyanide ox-
idoreductase was measured in the reaction mixture containing 50 mM
�-alanine buffer (pH 2.5), 1 mM K-ferricyanide, 10 mM K-sulfite, and the
enzyme preparation. All reaction rates were corrected for the nonenzy-
matic reaction by heat-inactivated enzyme (10 min at 100°C). All mea-
surements were separately performed in triplicates. Each data point is
given as the arithmetic mean value.

Purification of TSD from A. ferrooxidans. After 15 days of cultivation
in 9K medium supplemented with tetrathionate, the cells were harvested
by centrifugation at 6,000 � g for 10 min. The cells were washed three
times with 0.1 M K-phosphate buffer (pH 6.3) and disrupted by sonica-

tion on ice (Ultrasonic homogenizer VP-300 [Taitec, Koshigaya, Japan];
23% intensity cycles of 30 s on and 60 s off for a total time of 30 min).
Unbroken cells and cellular debris were removed by centrifugation at
10,000 � g for 10 min. The resulting supernatant (cell extract) was further
centrifuged at 110,000 � g for 60 min to prepare total membrane (insol-
uble) and cytosolic/periplasmic (soluble) fractions. Ammonium sulfate
was added to the soluble fraction at a final concentration of 3 M. The
precipitate was recovered by centrifugation (20,000 � g, 10 min), and the
resulting pellet was suspended in 20 mM citrate buffer (pH 4.0). After
centrifugation of the suspension at 20,000 � g for 10 min, the supernatant
was dialyzed against 20 mM citrate buffer (pH 4.0) at 4°C overnight,
followed by centrifugation at 20,000 � g for 10 min. This fraction was
called “soluble fraction at pH 4.” The fraction was applied to a cation-
exchange column chromatography by using a CM-650M (Tosoh, Tokyo,
Japan) equilibrated with 20 mM citrate buffer (pH 4.0), and the proteins
were eluted with a linear gradient of 0 to 0.5 M NaCl in 20 mM citrate
buffer (pH 4.0). Fractions showing TSD activity were pooled and dialyzed
against 20 mM citrate buffer (pH 4.0) to remove NaCl. Ammonium sul-
fate was then added to the solution at a final concentration of 1.3 M. After
centrifugation at 20,000 � g for 10 min, the supernatant was applied to a
hydrophobic column chromatography by using a Butyl-650M (Tosoh)
equilibrated with 20 mM citrate buffer (pH 4.0) containing 1.3 M ammo-
nium sulfate, and the proteins were eluted with a linear gradient of 1.3 to
0 M ammonium sulfate in 20 mM citrate buffer (pH 4.0). Fractions show-
ing TSD activity were pooled, concentrated by Centricut U-10 (Cosmo
Bio, Tokyo, Japan), and applied on a prepacked TSKgel G3000 column
(Tosoh) equilibrated with 20 mM citrate buffer (pH 4.0). The protein
molecular mass was calculated by gel permeation chromatography using
aldolase (158 kDa), albumin (67 kDa), ovalbumin (43 kDa), chymo-
trypsinogen A (25 kDa), RNase A (13.7 kDa), and myoglobin (17,000
Da) as size standards. All chromatographies were carried out by using
ÄKTAprime plus (GE Healthcare, Buckinghamshire, United Kingdom).

Cloning and expression of gene encoding tsd from A. ferrooxidans
in Escherichia coli. The forward primer (5=-AATGCCTCCCATATGGC
CGCCGGCATGAGC-3=) with a restriction enzyme site for NdeI (indi-
cated by underlining) was constructed on the basis of the N-terminal
amino acid sequence determined from the purified TSD of A. ferrooxidans
ATCC 23270. The reverse primer (5=-CTCATTTCTCGAGAGTTATTTG
GCGTACTG-3=) with a restriction enzyme site for XhoI (indicated by
underlining) was designed from the complementary sequence corre-
sponding to the C-terminal region of the open reading frame obtained
from the whole genome database for A. ferrooxidans ATCC 23270. PCR
was performed using the two primers (0.3 �M) and genomic DNA (0.01
�g �l�1) of A. ferrooxidans ATCC 23270 as a template. The amplified
DNA fragment was purified on agarose gel by using an Illustra GFX PCR
DNA and a gel band purification kit (GE Healthcare). The purified DNA
fragment digested with NdeI and XhoI was inserted into the correspond-
ing cloning site in the expression vector pET21a (Novagen, Madison, WI).
The constructed vector, pET-tsd, was introduced into E. coli DH5� cells.
After insertion of the nucleotide sequence into the plasmid was con-
firmed, the E. coli BL21(DE3) cells were transformed with pET-tsd. The
recombinant clones were selected on LB solid medium containing 50 �g
of ampicillin ml�1.

Purification of recombinant TSD. E. coli BL21(DE3) cells with pET-tsd
were cultured in LB medium containing 50 �g of ampicillin ml�1 at 30°C
until the culture reached an optical density at 600 nm of 0.6. Gene expres-
sion was induced by adding 0.2 mM IPTG (isopropyl-�-D-thiogalactopy-
ranoside) and incubating the cells at 30°C for 24 h. The cells were har-
vested by centrifugation at 6,000 � g for 10 min. The cells were washed
three times with 0.1 M K-phosphate buffer (pH 6.3) and disrupted by
sonication on ice as previously described. The solution was centrifuged at
10,000 � g for 10 min to obtain a cell extract. Total membrane (insoluble)
and cytosolic/periplasmic (soluble) fractions were prepared from the cell
extract by centrifugation at 110,000 � g for 60 min. The recombinant
protein from the soluble fraction was purified using the same protocol
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that was used for purifying TSD from A. ferrooxidans ATCC 23270, with
the exception of the cation-exchange column chromatography using CM-
650M.

Protein analysis. Protein concentration and N-terminal amino acid
sequences were determined and sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) were carried out as described elsewhere
(17). The molecular masses and isoelectric points of proteins were calcu-
lated using GENETYX (Genetic information analysis software, Genetyx
Co., Tokyo, Japan). The InterProScan Sequence Search tool (http://www
.ebi.ac.uk/Tools/pfa/iprscan/) was also used for the sequence analysis.

Analysis of sulfur compounds. Thiosulfate and tetrathionate were
determined colorimetrically as described by Kelly et al. (41).

Database analyses. The sequence, annotation, and accession numbers
(AFE numbers) of the complete A. ferrooxidans strain ATCC 23270 ge-
nome were derived from GenBank (http://www.ncbi.nlm.nih.gov/
GenBank/index.html) and the Comprehensive Microbial Resource
(CMR; J. Craig Venter Institute [http://cmr.jcvi.org/cgi-bin/CMR/Genome
Page.cgi?org�gtf]).

RESULTS AND DISCUSSION
Detection of TSD activity in tetrathionate-grown A. ferrooxi-
dans cells. When TSD activity was measured in a reaction mixture
containing a cell extract, ferricyanide, and thiosulfate, no activity
was detected within the pH range of 1.5 to 6.0 at 40°C. TSD activity
was detected by adding K2SO4 or Na2SO4 to the reaction mixture.
The highest TSD activity was obtained at 200 mM Na-sulfate (see
Fig. S1A in the supplemental material). The addition of KCl or
NaCl did not show this effect, indicating a specific sulfate require-
ment for the enzyme activity (see Fig. S1B in the supplemental
material). Our previous research on TTH from A. ferrooxidans
ATCC 23270 also demonstrated the requirement of sulfate ion for
its activity (18). Thiosulfate is unstable at a pH of �4.0 (38) and
reacts chemically not only with ferricyanide but also with ferric
iron at a pH of �3.5. TSD activity (0.085 U mg�1) was detected in
the soluble fraction by subtracting the nonenzymatic values (ob-
tained by using the heat-inactivated enzyme) from enzymatic val-
ues. Time-dependent ferricyanide reduction with thiosulfate and
the enzyme (soluble fraction or soluble fraction at pH 4) is shown
in Fig. S2 in the supplemental material.

Two optimal pH values (2.5 and 4.0) were shown to favor
enzyme activity in cell extracts, suggesting the involvement of at
least two different enzymes in thiosulfate oxidation in tetrathion-
ate-grown cells (see Fig. S1C in the supplemental material). En-
zyme activity (0.04 U mg�1) with optimum pH of 2.5 was detected
in the soluble fraction, and enzyme activity (0.03 U mg�1) with an
optimum pH of 4.0 was detected in the membrane fraction. How-
ever, these enzyme activities were not detected in the reaction
mixture without the sulfate ions.

We have already reported that SQR and TTH are synthesized in
cells grown in sulfur or tetrathionate medium but not in cells

grown in ferrous iron medium (17, 18). Similarly, although TSD
activity at pH 2.5 was detected in both soluble fractions prepared
from sulfur-grown (0.063 U mg�1) and tetrathionate-grown
(0.085 U mg�1) cells, it was not detected in the soluble fraction
from iron-grown cells. The results suggested that the tsd gene was
specifically expressed in the presence of RISCs.

Purification of TSD from soluble fraction prepared from tet-
rathionate-grown A. ferrooxidans. Because A. ferrooxidans is an
acidophilic bacterium, and the pH of its periplasm is within the 2.5
to 3.0 range (42), the soluble fraction was initially dialyzed against
a 20 mM citrate buffer (pH 4.0). TSD activity was detected in the
supernatant after centrifugation at 20,000 � g for 10 min. The
purification procedure of the TSD resulted in a 63-fold enrich-
ment, with a recovery rate of 3% (Table 1). When an active sample
obtained from a hydrophobic column chromatography (Butyl-
650M) was applied on a gel permeation chromatography (TSKgel
G3000), the specific activity was reduced to ca. 35% for unknown
reasons. The molecular mass of the active peak was calculated to
be �25 kDa. As shown in Fig. 1, lanes 2 to 5, the content of the
protein with a molecular mass of �25 kDa was increased in the
sample from Butyl-650M chromatography (Fig. 1, lane 5) com-
pared to the sample derived from CM-650M chromatography
(Fig. 1, lane 4). The specific activity in the Butyl-650M fraction
also increased compared to that in the CM-650M fraction (Table
1). Although the specific activity was reduced in the TSK gel frac-
tion, only one protein band with a molecular mass of �25 kDa was
detected by SDS-PAGE analysis of the TSK gel fraction (data not
shown). Therefore, it was concluded that the 25-kDa protein was
responsible for the TSD activity. Because the activity was signifi-

TABLE 1 Purification of thiosulfate dehydrogenase at the optimal pH of 2.5 from the soluble fraction of tetrathionate-grown A. ferrooxidans ATCC
23270a

Purification step
Total protein
(mg)

Sp act
(�mol min�1 mg�1)

Total activity
(�mol min�1) Recovery (%)

Purification
(fold)

Cell extract 200.8 0.05 10.0 100 1
Soluble fraction 55.1 0.09 4.9 49 1.8
Soluble fraction at pH 4 11.1 0.20 2.2 22 4.0
CM-650M fraction 1.3 2.28 3.0 30 45.6
Butyl-650M fraction 0.1 3.16 0.3 3 63.2
a Enzyme activity was measured at pH 2.5 and 40°C in a mixture containing 1 mM ferricyanide and 10 mM thiosulfate.

FIG 1 SDS-PAGE of partially purified thiosulfate dehydrogenase. (A) Lanes 1
to 5, samples from A. ferrooxidans ATCC 23270. (B) Lanes 7 to 9, samples from
E. coli BL21(DE3) harboring pET-tsd. Lane 1, cell extract (20 �g); lane 2,
soluble fraction (6.8 �g); lane 3, soluble fraction at pH 4 (11.35 �g); lane 4,
CM-650M fraction (1.58 �g); lane 5, Butyl-650M fraction (1.04 �g); lane M,
molecular markers; lane 6, cell extract from E. coli with pET21a (10 �g); lane 7,
cell extract (9.9 �g); lane 8, soluble protein at pH 4.0 (9.9 �g); lane 9, Butyl-
650M fraction (1.53 �g).
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cantly reduced in the TSK gel fraction, the sample from the Butyl-
650M column chromatography was used to characterize the prop-
erties of the enzyme.

Properties of partially purified TSD. The partially purified
TSD (Butyl-650M fraction) catalyzed the reduction of ferricya-
nide with thiosulfate but not with sulfite (Fig. 2). The nonenzy-
matic reduction of ferricyanide was observed with thiosulfate but
not with sulfite (Fig. 2). TSD in the CM-650M fraction required
150 mM Na-sulfate to generate maximum activity (Fig. 3A, black

squares). TSD activity in the Butyl-650M fraction was detected
without the sulfate ion (Fig. 3A, black circles). In contrast, a 60%
reduction in TSD activity was observed in the reaction mixture
containing 200 mM Na-sulfate (Fig. 3A, black circles). It is possi-
ble that cofactors required for the sulfate-dependent enzyme ac-
tivation dissociated from the enzyme complex during purifica-
tion. The addition of sulfite (2 mM) resulted in the activation of
the enzyme at a magnitude of 1.6-fold (Fig. 3B, black circles).
However, higher concentration of sulfite ions resulted in inhibi-
tion of the enzyme, and almost all of the activity was inhibited in
the presence of 10 mM sulfite. In contrast, previous reports have
shown that TSD activity in Thiobacillus sp. strain W5 was inhib-
ited by the addition of a low concentration of sulfite, with a Ki of
0.3 mM (38). The mechanisms for the sulfite-mediated activation
of TSD in A. ferrooxidans ATCC 23270 are currently being exam-
ined. Ubiquinone and horse heart cytochrome c were not reduced
by TSD. The optimal pH and temperature were pH 2.5 and 70°C,
respectively (Fig. 3C and D, black circles). This pH profile indi-
cated that the purified enzyme corresponds to the pH 2.5 peak of
the total cell extract. The Km value obtained in the absence of
Na-sulfate in the reaction mixture containing 1 mM ferricyanide
as the electron acceptor was estimated as 15 mM (Fig. 4, black
circles). When the concentration of thiosulfate was lower than 4
mM, no enzyme activity was detected. Because thiosulfate is un-
stable at a pH of �4.0, the Km value estimated for thiosulfate
might have been higher. A Km value of 0.9 mM for a TSD isolated
from A. ferrooxidans has been reported elsewhere (8). The rela-
tionship between the substrate concentration and reaction rate is
represented by a sigmoidal curve (Fig. 4, black circles) similar to

FIG 2 Time course of absorbance changes at 420 nm after mixing thiosulfate
or sulfite and ferricyanide in the presence or absence of enzyme. Symbols: �,
thiosulfate and enzyme; Œ, thiosulfate and heat-denatured enzyme; �, thio-
sulfate and water; Œ, sulfite and enzyme; o, only enzyme without substrates.
Experiments were carried out at pH 2.5 and 40°C in triplicates in a mixture
containing 1 mM ferricyanide, 10 mM Na-thiosulfate or 10 mM Na-sulfite, 50
mM Na-sulfate, and 7 �g of protein ml�1 (Butyl-650M fraction) from A.
ferrooxidans ATCC 23270.

FIG 3 Effect of sulfate (A), sulfite (B), pH (C), or temperature (D) on TSD activity in Butyl-650M fraction from A. ferrooxidans ATCC 23270 (�) or E. coli
BL21(DE3) harboring pET-tsd (Œ). The effect of sulfate on TSD activity in CM-650M fraction is represented by a black square (�) in panel A. The specific
activities (U mg�1) for the 100% value are indicated in the four panels as follows: 3.47 (�), 4.57 (Œ), and 2.34 (�) (A); 5.47 (�) and 4.57 (Œ) (B); 3.47 (�) and
4.57 (Œ) (C); and 13.79 (�) and 6.53 (Œ) (D).
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the characteristics of an allosteric enzyme, suggesting that alloste-
ric activators are required for an enzyme reaction.

Some thiosulfate dehydrogenases catalyzing the oxidation of
thiosulfate to tetrathionate have been reported to contain a c-type
heme molecule in their proteins (35, 37, 38). Because the visible
absorption spectrum of the thiosulfate- or dithionite-reduced en-
zyme did not give any distinctive maxima (data not shown), the
presence of heme groups in the protein was not suggested. Heme
staining of the Butyl-650M fraction was also negative.

Stoichiometry of thiosulfate oxidation. Because the rate of
chemical reaction increases with the temperature, the stoichiom-
etry of thiosulfate oxidation by TSD was measured at 20°C in
reaction mixtures containing 5 mM thiosulfate, 1 mM ferricya-
nide, and 7 �g of enzyme ml�1 (Butyl-650M fraction) (Fig. 5).
The end product of thiosulfate oxidation was tetrathionate. Cya-
nolysis revealed the stoichiometric conversion of 0.33 mM thio-
sulfate into 0.18 mM tetrathionate at 30 min and of 0.78 mM
thiosulfate into 0.33 mM tetrathionate at 60 min. The results in-
dicate that TSD catalyzed the formation of 1 mol of tetrathionate
from 2 mol of thiosulfate.

Identification of the gene encoding TSD of A. ferrooxidans.
The N-terminal amino acid sequence of the 25-kDa protein was
determined as AGMSGNPANLLPTGA. A BLASTP search using
the National Center for Biotechnology Information nonredun-
dant database revealed a hypothetical protein, Lferr_0043 (A. fer-
rooxidans ATCC 53993), including this 15-amino-acid sequence.
The corresponding gene for A. ferrooxidans ATCC 23270,
AFE_0042, was found in the GenBank database. This 810-bp gene
encoded a 270-amino acid protein (see Fig. S4 in the supplemental
material). According to the observed N-terminal amino acid se-
quence of the 25-kDa protein, the first 37 residues constituted the
signal peptide. Therefore, the molecular mass and the isoelectric
point of the mature 233-amino-acid protein without the signal
peptide were calculated to be 25,796 Da and 6.2, respectively.
Analysis using the InterProScan Sequence Search website showed
conserved sequences for a transmembrane helix and a TAT signal
at the N terminus. Although the TAT signal sequence was con-
served in the other homologs of TSD (see Fig. S5 in the supple-
mental material), the transmembrane helix was not conserved.
This type of TAT signal found in the TSD of A. ferrooxidans ATCC
23270 might be recognized by the Sec system.

As previously described, the results of spectroscopic analysis
and heme staining suggested the absence of a heme molecule in

the protein. No conserved domain for heme binding or metallic
cofactor binding, such as the iron-sulfur cluster and molybde-
num, was detected within the amino acid sequence of AFE_0042.
AFE_0042 had already been registered as a sulfur-regulated gene
(2, 13, 43), and microarray and bioinformatic analysis coupled
with gene transcript profiling revealed that the AFE_0042 gene is
upregulated by 19.0-fold in sulfur-grown cells and by 4.9-fold in
thiosulfate-grown cells compared to iron-grown cells (13). Our
semiquantitative reverse transcription-PCR analysis for the tran-
scription of the AFE_0042 gene also demonstrated this upregula-
tion (see Fig. S4 in the supplemental material). Although the in-
volvement of AFE_0042 in sulfur metabolism has been suggested,
its actual function has not been fully determined. The periplasmic
localization of AFE_0042 (HypA1) has been reported elsewhere
(44).

The genomic region surrounding the AFE_0042 gene in A.
ferrooxidans ATCC 23270 has been previously reported for its
clustering of sulfur metabolism-related genes (see Fig. S3 in the
supplemental material) (5, 13–15). Genes encoding two TSD ho-
mologs, two solute-binding protein homologs, two DoxDA ho-
mologs, two rhodanese domain-containing proteins, and a thi-
oredoxin homolog were found in this region. The rhodanese-like
protein gene, p21 (AFE_0045), which encodes a putative thiosul-
fate sulfur transferase protein, was upregulated by 132.2-fold in
sulfur-grown cells compared to iron-grown cells (13). Although
the function of p21 remains elusive, its involvement in sulfur me-
tabolism has been strongly suggested (13, 14). A similar gene or-
ganization (only for tsd1-modA1-doxDA1 and not for the remain-
ing parts of the cluster) has been detected in Gluconobacter
oxydans (6).

Homologs of AFE_0042 were identified in Acidithiobacillus fer-
rivorans, Acidiphilium multivorum, Thiomonas intermedis, Hy-
drogenobaculum sp., Burkholderia cenocepacia, G. oxydans, and
Leptospirillum ferrodiazotrophum (see Fig. S5 in the supplemental
material). With respect to utilization of RISCs, members of the
genera Acidithiobacillus, Acidiphilium, Thiomonas, Hydrogeno-
baculum, and Burkholderia are able to oxidize thiosulfate (10, 28,
45–47). Although L. ferrodiazotrophum is an acidophilic iron ox-
idizer, sulfur oxidation for energy generation has been suggested
by the results of genomic analysis (48). No information is available
on the utilization of thiosulfate in G. oxydans (49). It is not known

FIG 4 Effect of thiosulfate concentration on TSD activity in the Butyl-650M
fraction of A. ferrooxidans ATCC 23270 (�) or E. coli BL21(DE3) harboring
pET-tsd (Œ). Experiments were carried out at pH 2.5 and 40°C in a mixture
containing 1 mM ferricyanide and 50 mM Na-sulfate.

FIG 5 Stoichiometry of thiosulfate consumption and tetrathionate formation
by TSD from A. ferrooxidans. Experiments were carried out at pH 2.5 and 20°C
in a mixture containing 5 mM Na-thiosulfate, 1 mM ferricyanide, and 6.88 �g ·
ml�1 of TSD (Butyl-650M fraction) from A. ferrooxidans. Symbols: circles,
thiosulfate concentrations in the presence (�) or absence (Œ) of the enzyme;
triangles, tetrathionate concentrations in the presence (Œ) or absence (o) of
the enzyme.
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whether the bacteria possessing an AFE_0042 homolog show TSD
activity.

Detection of a putative solute-binding protein in the par-
tially purified TSD fraction. BLASTP analysis revealed that bac-
teria carrying an AFE_0042 homolog also contained an AFE_0043
homolog (see Fig. S3, S5, and S6 in the supplemental material).
The AFE_0043 encodes a putative periplasmic molybdate-binding
protein (ModA) functioning as part of the ABC-type transporter
(13). Although the TSD activity in CM-650M fraction required
sulfate ion for its maximum activity, the requirement was not
apparent in the Butyl-650M fraction (Fig. 3A). The results implied
that cofactors involved in the sulfate-dependent enzyme activa-
tion were contained in the CM-650M fraction and disappeared
after hydrophobic column chromatography. Although a major
protein band with a molecular mass of �33 kDa was detected in
the CM-650M fraction, the relative amount of the protein was
reduced in the Butyl-650M fraction (Fig. 1A, lanes 4 and 5). The
N-terminal amino acid sequence of the 33-kDa protein in the
CM-650M fraction (Fig. 1A, lane 4) was determined as ADMGW
NGKAEAPRYQ. The BLASTP search revealed a putative solute-
binding protein, Lferr_0044 (A. ferrooxidans ATCC 53993), that
included this 15-amino-acid sequence. The corresponding gene
for A. ferrooxidans ATCC 23270 was found to be AFE_0043 en-
coding a putative ModA (see Fig. S3 and S6 in the supplemental
material). According to the observed N-terminal amino acid se-
quence of this 33-kDa protein, the first 27 residues constituted the
signal peptide. Therefore, the molecular mass and the isoelectric
point of the mature protein without the signal peptide were cal-
culated to be 33,983 and 9.2, respectively.

Considering that the AFE_0043 gene locates downstream of
the tsd gene, and was cotranscribed with the tsd gene (see Fig. S4 in
the supplemental material), the AFE_0043 protein may be com-
posed of a hetero-oligomer that includes the TSD protein and may
confer the sulfate-dependent enzyme activity to the complex in
vivo. Mechanisms for the sulfate-mediated activation of TSD in A.
ferrooxidans ATCC 23270 are currently being examined.

Purification and characterization of the recombinant TSD in
E. coli harboring the tsd gene. To determine whether AFE_0042
encodes TSD, we attempted to express the gene in E. coli. Because
AFE_0042 carried a signal peptide in its N-terminal region, we
constructed a truncated gene corresponding to a protein without
the signal peptide. When E. coli BL21(DE3) cells harboring pET-
tsd were grown in an LB medium containing 50 �g of ampicillin
ml�1 at 30°C and induced with 0.2 mM IPTG for 24 h, a gene
product with an apparent molecular mass of 25 kDa was detected
by SDS-PAGE analysis of the cell extract (Fig. 1B, lane 7). Al-
though the gene was not highly expressed in E. coli, the recombi-
nant protein with TSD activity was purified to homogeneity fol-
lowing almost the same procedures as those used for the native
TSD from A. ferrooxidans ATCC 23270 (Fig. 1B, lane 9). Purifica-
tion of the recombinant TSD resulted in a 61-fold enrichment,
with a recovery rate of 26% (see Table S1 in the supplemental
material). TSD activity was detected without sulfate ions in the
reaction mixture (Fig. 3A, white circles). The specific activity of
the recombinant TSD (4.16 U mg�1) measured at pH 2.5 and 40°C
was similar to that of the native TSD (3.16 U mg�1). The optimal
pH for TSD activity of the recombinant protein was 2.5 (Fig. 3C,
white circles), and the highest activity was obtained at 50°C
(Fig. 3D, white circles). Although the activation of TSD activity by
sulfite was observed with native TSD, the activation was not ob-

served with the recombinant enzyme (Fig. 3B, white circles). The
Km value (8 mM) for thiosulfate was lower than that for the native
TSD (15 mM) (Fig. 4, white circles). Thus, some properties of the
recombinant TSD were different from those of the native TSD.
These differences may be due to the various pH levels at sites
where TSD matured (periplasm and cytoplasm). On the basis of
these results, we concluded that the 25-kDa protein encoded by
the AFE_0042 gene catalyzed the TSD activity.

Concluding remarks. To the best of our knowledge, this is the
first report on the genetic information on the tetrathionate-form-
ing TSD from A. ferrooxidans ATCC 23270. Because genes thought
to be involved in thiosulfate metabolism surround the AFE_0042
gene (see Fig. S3 in the supplemental material), AFE_0042 is
strongly suggested to play an essential role in thiosulfate oxidation
in A. ferrooxidans ATCC 23270. However, a Km value of 15 mM,
with no activity at 4 mM, indicated a very low affinity of the en-
zyme for thiosulfate and suggested the requirement for some co-
factors or subunits for its activation. The same Km value (15 mM)
for thiosulfate was obtained with the CM-650M fraction (contain-
ing both TSD and AFE_0043 protein), suggesting that the
AFE_0043 protein was involved in the sulfate-dependent enzyme
activation but not in the stimulation of TSD activity at a low con-
centration of thiosulfate. These observations raise the possibility
that tetrathionate formation from thiosulfate may be a side reac-
tion of TSD. The involvement of TQO in thiosulfate oxidation has
been proposed in A. ferrooxidans (4, 6, 40). Although the mem-
brane-bound TSD activity detected in the present study may be
attributed to the TQO, it is currently premature to link the ob-
served activity to the TQO. Therefore, more experiments are re-
quired to characterize these reactions. However, we believe that
this research provides the possibility of increasing the understand-
ing of thiosulfate oxidation in A. ferrooxidans ATCC 23270 and
also reveals the presence of a new and unique thiosulfate-oxidiz-
ing system in some sulfur-oxidizing bacteria.
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