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An enzyme that formed thiosulfate from bisulfite and trithionate was purified
from extracts ofDesulfovibrio vulgaris. This enzyme, designated as "thiosulfate-
forming" enzyme, required the presence of both bisulfite and trithionate. Var-
ious 35S-labeling studies showed that thiosulfate was formed from bisulfite and
the inner sulfur atom of trithionate. This involved a nucleophilic attack by the
bisulfite ion, resulting in the displacement of the two outer sulfonate groups of
trithionate that recycled to participate as free bisulfite in subsequent reactions.
This reaction required a reduction, presumably by a concerted mechanism with
thiosulfate formation. The natural electron carrier cytochrome C3 participated in
this reductive formation ofthiosulfate. This reaction was coupled to the bisulfite
reductase-catalyzed reaction, which resulted in the reconstruction of a thiosul-
fate-forming pathway from bisulfite.

The biological reduction of inorganic sulfate
has been divided into assimilatory- and dissimi-
latory-type processes. Assimilatory reduction is
widespread in nature, occurring in both procar-
yotes and eucaryotes, and is primarily con-
cerned with the incorporation of sulfur into cel-
lular material. Dissimilatory reduction is ap-
parently unique to the sulfate-reducing bacte-
ria, in which inorganic sulfur compounds are
used as terminal electron acceptors. Common
to both the assimilatory and dissimilatory path-
ways is the initial activation of sulfate by aden-
osine triphosphate followed by the reduction of
the respective activated form to sulfite (23, 29,
33). One mode of assimilatory reduction occur-
ring in bacteria and yeast involves the direct
reduction of sulfite to sulfide, without the for-
mation of any detectable intermediates, by sul-
fite reductase (5, 21, 29, 35). In these orga-
nisms, another pathway may exist that uses
bound intermediates. In oxygen-evolving photo-
synthetic organisms, sulfite reductase, al-
though present, does not appear to be the en-
zyme employed; rather, a carrier-bound sulfite
is reduced to carrier-bound sulfide by an en-
zyme called thiosulfonate reductase (27, 28, 32,
33).

In contrast, a series of complex reactions has
been proposed for the dissimilatory pathway
leading to the formation of sulfide. Ishimoto
and Koyama (15) reported the presence of thio-
sulfate reductase activity in Desulfovibrio.
Later investigators purified thiosulfate reduc-
tase from several sulfate-reducing bacteria (12,
13, 25), thus establishing the importance of thi-

osulfate in dissimilatory reduction. Suh and
Akagi (31) observed the presence of a thiosul-
fate-forming system in Desulfovibrio vulgaris.
This thiosulfate-forming system required two
protein fractions, referred to as FIH and FIlI,
and reduced bisulfite to thiosulfate. Kobayashi
et al. (20) found that trithionate was formed by
extracts ofD. vulgaris and proposed a dissimi-
latory pathway with trithionate and thiosulfate
as intermediates linking the reduction of
(bi)sulfite to sulfide:

2e- 2e- 2e-
3 (H)SO3- S3062- S2032- .. S2-

S032- S032-

Subsequently, Lee and Peck (22) purified the
green pigment desulfoviridin from D. gigas and
identified it as the trithionate-forming enzyme
bisulfite reductase. Desulfotomaculum nigrifi-
cans was shown to contain another type of tri-
thionate-forming bisulfite reductase (2).
During our investigation of the thiosulfate-

forming pathway of D. vulgaris, we succeeded
in purifying an enzyme from the FII (31) frac-
tion that formed thiosulfate from bisulfite plus
trithionate. This protein was designated thio-
sulfate-forming enzyme (TF). This study was
conducted to elucidate the mechanism of this
catalysis and to determine the role of this en-
zyme in the thiosulfate-forming pathway of D.
vulgaris.

MATERIALS AND METHODS
Organism. D. vulgaris NCIB 8303 was grown and

harvested as previously described (3).
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Enzyme assay conditions. Standard manometric
techniques were used throughout this study, using
Warburg flasks of approximately 8-ml capacity. The
particulate hydrogenase ofD. vulgaris was prepared
as described earlier (31). Unless otherwise indi-
cated, the standard assay mixture contained: potas-
sium phosphate buffer (pH 6.0), 100 ,umol; methyl
viologen, 1.0 ,umol; hydrogenase, 0.1 mg; and sub-
strate(s) and enzyme in a total volume of 1.1 ml. The
center well contained either 0.1 ml of 20% CdCl2 for
sulfide determination or 0.1 ml of 20% KOH for
trapping acid-volatilized [35S]bisulfite. Both the
CdCl2 and the KOH were absorbed on fluted filter
paper. The gas phase was hydrogen, and the tem-
perature was 30°C.

Purification of bisulfite reductase. Bisulfite re-
ductase was purified by a modification of the previ-
ously described procedure (8). The final bisulfite
reductase preparation was passed through a Sepha-
dex G-200 column (2.5 by 30 cm) equilibrated with
0.02 M potassium phosphate buffer, pH 7.5. The
green pigment (bisulfite reductase) eluting from
this column was dialyzed against 10-3 M potassium
phosphate buffer, pH 7.0, and concentrated by pres-
sure filtration with an Amicon EC-20 unit and a
PM30 filter. Portions (1 ml) of the enzyme were
stored at -20°C and thawed once for each experi-
ment. The major and minor bands, characteristic for
pure bisulfite reductase from D. vulgaris (8, 16, 19,
22), were observed by discontinuous gel electropho-
resis.

Purification of TF. All purification steps were
carried out at 0 to 4°C. A 600-ml amount of crude
extract, prepared as previously described (3), was
fractionated by differential precipitation with am-
monium sulfate. The fraction precipitating between
0.3 and 0.5 saturation was dissolved in water and
dialyzed against 30 volumes of 10-3 M buffer, pH 7.0
(potassium phosphate buffer was used throughout
the purification of TF). This fraction was applied to
a diethylaminoethyl (DEAE)-cellulose column (5 by
30 cm) (chloride), and the column was washed with 1
liter of 0.01 M buffer, pH 7.5. The TF activity was
eluted with 0.05 M buffer (pH 7.5), dialyzed against
10-3 M buffer (pH 7.0) until free of salts, and lyophi-
lized. One-half of the lyophilized material was dis-
solved in a minimum amount of 0.02 M buffer, pH
7.5, and applied to a Sephadex G-100 column (4 by 40
cm) equilibrated with the same buffer. Three dis-
tinct yellowish bands migrated down the column.
The middle band, containing all of the TF activity,
was collected, dialyzed, and lyophilized. (This par-
tially purified TF preparation was employed in the
35S-labeling studies.) This fraction was dissolved in
0.02 M buffer, pH 7.5, and applied to a DEAE Bio-
Gel A column (2.5 by 30 cm) equilibrated with the
same buffer. A linear buffer gradient (0.01 to 0.15 M)
was passed through the column at a rate of 25 ml/h
for 16 h. The TF fraction, eluting as a shoulder just
behind the second major protein peak, was dialyzed
and lyophilized. The pooled lyophilized material
from two DEAE Bio-Gel A columns was dissolved in
a small amount of 0.02 M buffer, pH 7.5, and applied
to a Sephadex G-100 column (2.5 by 30 cm) equili-
brated with the same buffer. The TF fraction eluting

from this column was dialyzed, concentrated by ly-
ophilization, and applied to a second DEAE Bio-Gel
A column (2.5 by 30 cm). A linear buffer gradient
was passed through the column as described above,
and the TF was collected, dialyzed, and lyophilized.

Electron carriers. The flavodoxin preparation
was obtained by passing 1 liter of cell-free extract
through a DEAE column (5 by 10 cm). After exten-
sive washing with 0.05 M KCI in 0.075 M tris(hy-
droxymethyl)aminomethane (Tris)-hydrochloride
buffer, pH 7.0, the fraction containing flavodoxin
was removed from the column with 0.5 M KCI in
0.15 Tris-hydrochloride buffer, pH 7.0. This material
was diluted 10-fold and applied to another DEAE
column (5 by 5 cm). The column was washed with
0.1 M KCI in 0.15 M Tris-hydrochloride buffer, pH
7.0, until the eluate was clear. Flavodoxin was
eluted with 0.5 M KCI in 0.15 M Tris-hydrochloride
buffer (pH 7.0), dialyzed free of salts, and lyophi-
lized. The lyophilized flavodoxin was dissolved in a
small amount of water and applied to a Sephadex G-
100 column (4 by 40 cm) equilibrated with 0.02 M
potassium phosphate buffer, pH 7.5. The intense
yellow band (flavodoxin) eluting from this column
was dialyzed, lyophilized, and stored at -20°C. The
absorption spectrum for flavodoxin exhibited peak
maxima at 453, 370, and 275 nm, with a shoulder
at 478 nm. These peaks disappeared when the flavo-
doxin was reduced with sodium dithionite. These
spectral properties are in good agreement with those
reported to be characteristic for flavodoxin (10, 18).
Flavodoxin activity was confirmed by testing its
ability to couple with the phosphoroclastic reaction
in carrier-free extracts (1) ofD. vulgaris. By analyti-
cal discontinuous gel electrophoresis, the flavodoxin
preparation was observed to be a homogeneous pro-
tein. Cytochrome c3 was obtained by modified meth-
ods of Horio and Kamen (14) as previously described
(1).

Analytical determinations. Thiosulfate and tri-
thionate were determined by the method of Kelly et
al. (17) as previously described (4). Sulfide was ana-
lyzed by the method of Fogo and Popowski (11).
Protein was estimated by the method of Lowry et al.
(24), using bovine serum albumin as a standard.
[35S]bisulfite was volatilized as 3SO, by the addition
of 0.1 ml of 20 N H3PO4. The KOH filter paper used
to trap the 35SO2 was placed in 10 ml of counting
solution and incubated in the dark for 4 h prior to
liquid scintillation counting. The isolation of
[35S]thiosulfate was accomplished by column chro-
matography on Dowex-1 and was degraded as previ-
ously described (8). Degradation of authentic sul-
fane and sulfonate-labeled thiosulfate, purchased.
from Amersham/Searle, confirmed the validity of
the degradations.
To eliminate the possibility that a nonenzymatic

exchange occurred among the various sulfur atoms
of bisulfite, trithionate, and thiosulfate in the 35S_
labeling studies (26, 30), controls were run to deter-
mine whether nonenzymatic exchange occurred; no
appreciable exchange was detected.

Trithionate was synthesized by a modification of
the method of Roy and Trudinger (26), as described
earlier (4). [35S]sulfonate-labeled trithionate was
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synthesized by supplementing the K2S205 solution
with Na235SO3 prior to the addition of the SC12. The
accuracy of the synthesis was determined by degra-
dation of the [35S]trithionate by methods previously
described (8); the inner sulfur atom was unlabeled.
The [35S]sulfonate-labeled trithionate was free of
[35S]sulfite as determined by acid volatilization ex-

periments. Sodium bisulfite solutions were prepared
fresh in 10-3 M disodium ethylenediaminetetraace-
tate before each assay. Oxidation of Na2USO3 to
Na235SO4 was periodically monitored by methods
previously described (8). Na235SO3 was purchased
from New England Nuclear Corp. Liquid scintilla-
tion counting was performed with a Beckman LS-
3150P spectrometer. All counts were corrected for
quench and background. Molecular weight determi-
nations were performed by gel filtration on Sepha-
dex G-100 by the method of Whitaker (34).

RESULTS

Properties of TF. Purified TF was com-

pletely stable after repeated lyophilization or

freezing and thawing. The enzyme was color-
less, and a single protein band was observed
after polyacrylamide discontinuous gel electro-
phoresis. The pH optimum for TF activity was
6.0 and, since at this pH the protonated form of
sulfite predominates, we concluded that bisul-
fite was the preferred ionic species of substrate
in the TF reaction. The molecular weight ofTF
activity was estimated to be 43,200.
Enzymatic formation of thiosulfate. Table

1 shows the products formed by the enzymes

constituting the thiosulfate-forming system.
When bisulfite reductase was incubated with
bisulfite, trithionate was formed as the major
product. When bisulfite reductase and TF were
incubated with bisulfite, both trithionate and
thiosulfate were detected, with thiosulfate
being more predominant. This system consti-
tuted the thiosulfate-forming system as previ-
ously reported (8, 31). Although it appeared
that TF functioned as a trithionate reductase,
incubation of TF with either bisulfite or tri-
thionate alone resulted in no activity. How-
ever, when TF was incubated with both bisul-
fite and trithionate together, thiosulfate was
formed. This indicated that both of these com-

pounds were substrates for TF activity.
Effect of substrate concentrations on thio-

sulfate formation. Table 2 shows the effect of
bisulfite and trithionate concentrations on thio-
sulfate formation. When the concentration of
trithionate was kept constant while that of bis-
ulfite was varied, thiosulfate formation in-
creased slightly with an increasing bisulfite
concentration. The reciprocal experiment
showed that increasing the trithionate concen-
tration resulted in a concomitant increase in

thiosulfate formation. Furthermore, the
amount of thiosulfate was dependent upon tri-
thionate concentration, and only a catalytic
amount of bisulfite was necessary.
Degradation of [35S]thiosulfate formed by

TF. To determine the origin of the sulfur atoms
in the thiosulfate molecule formed by TF, 35S-
labeled substrates were incorporated into reac-

tion mixtures. The labeled thiosulfate formed
in the reaction was isolated by Dowex-1 chro-
matography and chemically degraded to locate
the radioactive atom. An analysis of the thio-
sulfate formed from [35S]bisulfite and unlabeled
trithionate showed that the sulfonate sulfur
atom contained essentially all of the radioactiv-
ity, whereas the sulfane atom was unlabeled.
The identical labeling pattern was observed
when either [35S]bisulfite- and [35S]sulfonate-
labeled trithionate or unlabeled bisulfite- and
[35S]sulfonate-labeled trithionate were sub-
strates for the reaction (Table 3). From these

TABLE 1. Product formation by the thiosulfate-
forming systema

Product (Amol)
System

S3062 SO,2- S2

Bisulfite reductase + 2.37 0 0.23
HS03-

Bisulfite reductase + TF + 0.27 3.68 0.20
HSO3-

Bisulfite reductase + S30,,'- 0 0.10
TF + S3062- 0 0
TF + HS03- 0 0 0
TF + HSO3- + S3O62- 5.53 0
Boiled TFb + HSO3- + 0 0

S3062
a Standard assay conditions. Bisulfite reductase concen-

tration, 1.19 mg-, TF concentration, 0.39 mg-, NaHSO3 con-
centration, 10.0 )Amol; K2S306 concentration, 11.0 jAmol;
incubation time, 60 min.

TF placed in boiling water bath for 10 min.

TABLE 2. Effect of substrate concentration on
thiosulfate formation by TFa

Substrate (jLmol) Thiosulfate

S3062- HS03- formed (jnmol)
11.0 0.5 4.1
11.0 1 5.0
11.0 2 5.7
11.0 4 6.3
11.0 10 7.6
1.2 10 1.4
2.3 10 2.4
3.4 10 3.2

11.0 0 0
0 10 0

a TF concentration, 0.41 mg; incubation time, 100
min. Standard assay conditions employed.
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TABLE 3. Degradation of thiosulfate formed from
3"S-labeled substrates"

Thiosulfate
Expt (cpm) cpm de- Recov-

graded ery (%)
S SO3

A 4,140 84,860 92,700 96
7,610 100,650 115,875 93

Avg distribu- 6 94
tion (%)

B 15,970 246,530 295,000 89
10,910 145,810 158,400 99

Avg distribu- 6.4 93.6
tion (%)

C 2,900 96,140 105,000 94
1,390 57,540 58,500 101

Avg distribu- 2.7 97.3
tion (%)

6 Standard assay conditions. In all experiments, the TF
concentration was 2.0 mg and that of NaHSO, was 5.0
Mmol. Experiment A, NaH3WSO specific activity, 4 x 105
cpm; unlabeled K2S%Os concentration, 7.0 itmol; time, 60
min. Experiment B, NaH"SO, specific activity, 6 x 105
cpm; POSlsulfonate-labeled K2S,O, 10 umol containing 1.25
x 10' cpm/jmol; time, 70 min. Experiment C, unlabeled
NaHSO; [T3Sjsulfonate-labeled K2SO,, 10 umol containing
1.25 x 10' cpm/lgnol; time, 70 min.

results we concluded that the sulfane atom of
thiosulfate originated from the inner (sulfane)
sulfur atom of trithionate, whereas the sulfo-
nate sulfur atom of thiosulfate arose from free
bisulfite and the sulfonate group(s) on the tri-
thionate molecule.

Recycling of the sulfonate groups of tri-
thionate as bisulfite. The above studies sug-
gested that the sulfonate sulfur atom of the
product, thiosulfate, originated from free bisul-
fite and the two sulfonate groups of trithionate.
This was visualized by a bisulfite ion making a
nucleophilic displacement attack on the inner
sulfane atom of trithionate, releasing both sul-
fonate groups as free bisulfite ions. A concomi-
tant reduction of one of the leaving sulfonate
groups presumably occurred during this reac-
tion. To test this hypothesis, [35S]sulfonate-la-
beled trithionate and unlabeled bisulfite were
incubated in the presence of TF. At various
time intervals the reaction was stopped by tip-
ping in 0.1 ml of 20 N H3PO4 from one side arm
into the main compartment. Any free bisulfite
ions were volatilized and trapped by KOH in
the center well. Table 4 shows that the radioac-
tivity became increasingly acid volatile with
time. This was interpreted to mean that the

two outer [35S]-sulfonate groups were released
as free bisulfite ions from the trithionate mole-
cule.

Stoichiometric relationship between H2 uti-
lized and thiosulfate formed. Table 5 shows
the stoichiometry of thiosulfate formation and
molecular H2 utilization. An equimolar amount
of hydrogen was consumed for every mole of
thiosulfate formed. This was evidence that a

direct relationship existed between hydrogen
utilization and thiosulfate formation. If the re-

cycling hypothesis is valid, the reaction should
proceed according to the following equation:

HSO3- + 03S-S-SO32- 2e-

O3S-S2- + HSO3- + S032-
This equation shows that for every bisulfite
consumed in the reaction, forming thiosulfate,
two more (bi)sulfite ions are generated. A ki-
netic experiment was conducted to obtain addi-
tional evidence for the recycling hypothesis.
Figure 1 shows the rates of hydrogen consump-
tion when 11 ,umol of trithionate was incubated
with varying amounts of bisulfite. At high con-
centrations of both bisulfite (10 ,umol) and tri-
thionate, the rate of hydrogen utilization was
linear with time. When the bisulfite concentra-
tion was decreased by 10- and 20-fold, there was
a concomitant decrease in the initial velocity of
the reaction. As the reaction proceeded, the

TABLE 4. Effect of time on bisulfite populationa

Time (min) Bisulfite (cpm)

20 67,220
40 120,316
60 155,176
80 185,340

Controlb 6,436

a TF concentration, 2.5 mg; K2S306 concentration,
10.0 umol, 7.5 x 104 cpm/jAmol (sulfonate labeled);
NaHSO3 concentration, 5.0 ,tmol. KOH trap for
acid-volatilized bisulfite. Standard assay conditions.

b Eighty minutes without TF.

TABLE 5. Stoichiometry ofthiosulfate formation and
H2 uptake with TFa

Time Thiosulfate H2 utilized Ratio of a/
(min) formed(a)mob (mol) (b) b

30 2.63 2.8 0.94
60 4.87 4.4 1.11
90 7.24 7.1 1.02
120 9.46 9.1 1.04

a TF concentration, 0.41 mg; K,S,06 concentra-
tion, 11.0 ,umol; NaHSO3 concentration, 10.0 Amol.
Standard assay conditions.
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tion in this reaction, presumably because it did
not interact with hydrogenase. When both car-

7 / riers were incorporated, no further increase in
thiosulfate was noted. In the bisulfite reductase
system, i.e., the formation of trithionate from

5/ bisulfite, it was seen that both cytochrome C3
and flavodoxin were required. We concluded
that flavodoxin participates in the bisulfite re-
ductase assay, whereas cytochrome C3 partici-
pates in the formation of thiosulfate in the TF-
catalyzed reaction. Figure 2 illustrates our ver-

sion of the mechanism for TF catalysis, and
Fig. 3 summarizes the roles of flavodoxin and

D }cytochrome C3 in the reduction of bisulfite to

D 20 40 60 80 thiosulfate by the thiosulfate-forming system.
Time (min.)

FIG. 1. Kinetics of H2 consumption in TF reac-
tion. TF concentration, 0.41 mg; KrS06 concentra-
tion, 11.0 gmol. NaHSO3 concentration (symbols):
A, 10.0 jAmol; 0, 1.0 ,umol; 0, 0.5 Amol.

rate of hydrogen utilization gradually in-
creased until it paralleled that exhibited by the
reaction containing high concentrations of both
substrates. These results are in agreement with
our hypothesis that bisulfite ions are generated
from trithionate during thiosulfate formation.
For every 1 mol of thiosulfate formed, 2 mol of
bisulfite is generated. After a suitable reaction
time, the concentration of bisulfite increases in
the reaction mixture to the point where the
maximum velocity is reached.
Reconstruction of the thiosulfate-forming

system by use of natural electron carriers.
Cytochrome c, was capable of interposing elec-
trons between hydrogenase and TF, forming
thiosulfate (Table 6). Flavodoxin did not func-

DISCUSSION
The results obtained from this study show

that bisulfite can be reduced to thiosulfate
through a pathway involving trithionate as an
intermediate compound. Kobayashi et al. (20)
proposed that bisulfite was reduced to sulfide
by the sequence bisulfite to trithionate to thio-
sulfate to sulfide. This study shows that the
reduction of trithionate to thiosulfate occurs by
a mechanism consisting ofa nucleophilic attack
by bisulfite on the sulfane atom of trithionate,
forming thiosulfate and releasing two bisulfite
ions (Fig. 2). Cytochrome C3 participates in this
reaction by transferring electrons from hydro-
genase to one of the leaving sulfonate groups,
probably in a concerted fashion with thiosulfate
formation. This reaction is postulated to be
analogous to the cyanolysis of trithionate by a
cyanide ion. In this reaction, cyanide combines
with the trithionate sulfane atom, releasing
two sulfonate groups. One leaves as sulfite,

TABLE 6. Native electron carriers for the thiosulfate-forming systema

Product (,Amol) H2 uti-
Enzyme Carrier Substrate lized

S3062- S2032- S5- (smol)

TF Cytochrome C3 HS03- + S3062- 5.46 0 5.99
TF Flavodoxin HS03- + S3062- 0 0 0
TF Cytochrome C3 + HS03- + S3062- 5.66 0 5.50

flavodoxin
Bisulfite reductase Cytochrome C3 HS03- 0 0 0 0

Bisulfite reductase Flavodoxin HS03- 0 0 0 0
Bisulfite reductase Cytochrome C3 + HS03- 2.04 0 0.02 1.67

flavodoxin
Completeb Cytochrome C3 HS03- 0 0 0.02 0.49
Complete Flavodoxin HS03- 0.13 0 0 0.15
Complete Cytochrome c3 + HS03- 0.66 2.10 0.02 3.88

flavodoxin
Complete Methyl viologen HS03- 0.20 4.60 0.28 9.04

a Bisulfite reductase concentration, 1.16 mg; TF concentration, 0.39 mg; cytochrome C3 concentration, 2.1
mg; flavodoxin concentration, 2.6 mg; NaHSO3 concentration, 10.0 ,umol; K2S306i concentration, 11.0 jmol;
incubation time, 90 min.

b Bisulfite reductase plus TF.
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whereas the other leaving group is sulfate. Ifan
analogy is drawn from this, one could assume
that one of the leaving sulfonate groups is re-
duced to sulfite in the TF-catalyzed reaction.
Employing natural electron carriers, we

have succeeded in reconstructing the thiosul-
fate-forming pathway of D. vulgaris (Fig. 3).
Both flavodoxin and cytochrome C3 were neces-
sary for the reduction of bisulfite to thiosulfate.
Cytochrome C3 functions at the TF level,
whereas flavodoxin acts during trithionate for-
mation from bisulfite. In this reaction, cyto-
chrome C3 transfers electrons from hydrogenase
to flavodoxin. Trithionate does accumulate, but
is immediately utilized by the TF reaction,
forming thiosulfate. Thiosulfate reductase,
which was shown to require cytochrome C3 (6,
13), completes the pathway, forming sulfide.
Earlier work by Suh and Akagi (31) showed
that ferredoxin and cytochrome C3 were both
required for thiosulfate formation from bisul-
fite. Since in this study flavodoxin was used, we
conclude that either flavodoxin or ferredoxin
can participate in the bisulfite reductase-cata-
lyzed reaction.

Recently, several investigators have ques-
tioned the validity of a dissimilatory pathway.
Kobayashi et al. (19) suggested that bisulfite
reductase reduced (bi)sulfite to sulfide and that
trithionate and thiosulfate formation involved
the nonenzymatic reaction of sulfite with the
sulfoxylate and elemental sulfur precursors of
sulfide. Chambers and Trudinger (7) further
questioned the importance of trithionate and
thiosulfate as intermediates in dissimilatory
sulfate reduction. These investigators implied
that assimilatory and dissimilatory sulfite re-
duction may closely parallel one another.

This study clearly shows the importance of
both trithionate and thiosulfate in dissimila-
tory reduction. Although not a trithionate re-
ductase as proposed by Kobayashi et al. (20),
TF represents the first reported case where a
purified protein has been shown to utilize tri-
thionate in the formation of thiosulfate. We
have also shown that the reduction of these
inorganic sulfur atoms is mediated by natural
electron carriers. We conclude from these find-
ings that a dissimilatory pathway is operative

CYTOC3 CYTO C3

0So so;>
2-6*HOj T 5 2 HSOj .-5,50j

gaiCTVE Si

FIG. 2. Proposed mechanism for TF in D. vul-
garis.

H2 2 H

<xodwM c3 c c c
(at.C)K(red.) 3 2 le H.2

(ferreAxn) (ferrewdn) cytodreu C3 cytod,ai c3
(red.) W. .) (red.) (ex.)

3 HSO
3 bimifite redwtase fSoP2- v S232- + 2 R9030bisl~~~~~~/"dtwlfate(!mte f

(Dewufoviridin) I)
MX3

FIG. 3. Thiosulfate-forming pathway in D. vul-
garis.

and that trithionate and thiosulfate are inter-
mediates connecting the reduction of bisulfite
to sulfide.

It is now apparent that several modes of dis-
similatory reduction may be possible in the
sulfate-reducing bacteria. Since trithionate re-
ductase activity has been observed in this labo-
ratory with crude extracts (unpublished data),
one possible pathway would be as proposed by
Kobayashi et al. (20). Another pathway may
involve bisulfite reductase II (9). Unlike assim-
ilatory sulfite reductases that form only sulfide
(5, 21, 23, 35), bisulfite reductase II forms both
sulfide and thiosulfate. Thiosulfate could sub-
sequently be reduced to sulfide by thiosulfate
reductase (12, 13, 25).
This study shows that another mechanism

for thiosulfate formation exists in these micro-
organisms. It is possible that a strict regulatory
process may be operating in these organisms,
and the pathway utilized for the metabolism of
various sulfur species may be dictated by cer-
tain environmental conditions in which the
bacteria find themselves.
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