Microbiology, Vol. 69, No. 3, 2000, pp. 271-276 Translated from Mikrobiologira, Vol. 69, No. 3, 2000, pp

334-340.

Origmal Russian Text Copyright © 2000 by Tsaplina, Krasil'nikova, Zakharchuk, Egorova, Bogdanova, Karavaiko.

EXPERIMENTAL
ARTICLES

Carbon Metabolism in Sulfobacillus thermosulfidooxidans subsp.
asporogenes, Strain 41

L. A. Tsaplina*, E. N. Krasil’nikova**, L. M. Zakharchuk**,
M. A. Egorova*, T. 1. Bogdanova*, and G. 1. Karavaiko*
*Institute of Microbiology, Russian Academy of Sciences, pr. 60-letiya Oktyabrya 7, k. 2, Moscow, 117811 Russia
**Department of Microbiology, Biological Faculty, Moscow State University, Vorob’evy gory, Moscow, 119899 Russia
Received June 16, 1999

Abstract—The activities of carbon metabolism enzymes were determined in cellular extracts of the moderately
thermophilic, chemolithotrophic, acidophilic bacterium Sulfobacillus thermosulfidooxidans subsp. asporo-
genes, strain 41, grown either at an atmospheric content of CO, in the gas phase (autotrophically, heterotroph-
ically, or mixotrophically) or autotrophically at a CO, content increased to 5-10%. Regardless of the growth
conditions, all TCA cycle enzymes (except for 2-oxoglutarate dehydrogenase), one glyoxylate bypass enzyme
(malate synthase), and some carboxylases (ribulose bisphosphate carboxylase, pyruvate carboxylase, and phos-
phoenolpyruvate carboxylase) were detected in the cell-free extracts of strain 4 1. During autotrophic cultivation
of strains 41 and 1269, the increase in the CO, content of the supplied air to 5-10% resulted in the activation
of growth and iron oxidation, a 20-30% increase in the cellular content of protein, enhanced activity of the key
TCA enzymes (citrate synthase and aconitase), and, in strain 41, a decrease in the activity of carboxylases.

Key words: thermoacidophiles, growth, TCA cycle enzymes, carboxylases

Thermophilic facultatively autotrophic bacteria of
the genus Sulfobacillus—S. thermosulfidooxidans, two
its subspecies, asporogenes and thermotolerans [1],
and S. acidophilus [2]—and the only known mesophilic
representative of this genus, S. disulfidooxidans [3], are
characterized by a versatile metabolism that allows
them to grow hetero-, auto-, and mixotrophically.

The strains studied in the greatest detail in terms of
their carbon metabolism under various cultivation con-
ditions are strain ALV [4, 5], later named S. acidophilus
[2], and the type strain S. thermosulfidooxidans VKM
B-1269 [6]. Strain 41 (= INMIA B-6981, Armenia),
described as an asporogenes subspecies of S. thermo-
sulfidooxidans {71, has phenotypic properties close to
those of the type strain of the species, VKM B-1269,
and exhibits an 81% DNA homology with it. Strain 41
is characterized by an impaired sporulation process; it
also differs from strain VKM B-1269 in the G+C con-
tent of DNA and the carbohydrate component of the
S layer and by having a smaller genome and a lower
optimal pH value during growth on iron-containing
medium [8].

Strains 1269 and 41 show stable growth only on
media containing 0.02% yeast extract in addition to the
mineral energy source. For strain 1269, operation of the
Calvin cycle was demonstrated in autotrophically and
heterotrophically grown cells [9]. However, strain
1269, as well as strain 41, can withstand only a limited
number of culture transfers under autotrophic or het-
erotrophic conditions. This may be due both to exoge-

nous factors (low concentrations of dissolved atmo-
spheric carbon dioxide and oxygen) and to the lack of a
complete TCA cycle in cells of these strains [6]. It was
established that carbon dioxide assimilation in strain 41
exhibits certain peculiarities as compared to other sul-
fobacilli {10]. The addition of 0.002% yeast extract to a
Fe?*-containing medium was shown to increase the rate
of labeled CO, fixation by cells of strain 41 and to
decrease the rate of this process in strain 1269 [6].

The aim of the present work was to study the activity
of the TCA cycle enzymes and carboxylating enzymes in
auto-, mixo-, and heterotrophically grown cells of strain
41 of S. thermosulfidooxidans subsp. asporogenes and
the effect of an increased carbon dioxide concentration
on the growth, ferrous iron oxidation, and activity of
some carbon metabolism enzymes in this strain and in S.
thermosulfidooxidans VKM B-1269.

MATERIALS AND METHODS

The main subject of investigation was strain S. ther-
mosulfidooxidans subsp. asporogenes 41 (= INMIA
B-6981, Armenia), isolated from mine waters emerging
from a dump at the Armanis polymetallic sulfide
deposit [7]. In the experiments set to study the effect of
an increased carbon dioxide concentration, we also
used strain S. thermosulfidooxidans VKM B-1269T [1].
Strains 41 and 1269 were grown, respectively, on the
modified media of Brierley [10] and Manning [6]. The
Brierley medium contained (g/l) (NH,),SO,, 0.5; NaCl,
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0.2; KH,PO,, 0.2; MgSO, - TH,0, 0.2; Ca(NO,),, 0.01;
and 1 mifl of trace element solution (which was com-
posed of 3 g/l of CuSOy; 3 g/l of ZnSO,; 2 g/l of CoSO,;
1 g/l of NaMoO,; 0.1 g/l of H,BO,; traces of MnSQ,;
and traces of KJ); the pH of the medium was 1.6-1.8.
The manning medium contained (g/1) (NH,),SO,, 6;
KCl, 0.2; K,HPO,, 0.2; MgSO, - 7H,0, 1.0; and
Ca(NO;),, 0.02; the pH of this medium was 1.8-2.0.
The media were supplemented with 20 g/l of FeSO, -
TH,O as the carbon and energy source and 1-2 mM
Na,S,0;. The above media were used for autotrophic
cultivation; for mixotrophic growth, the media were
additionally supplemented with 0.02% yeast extract.
Heterotrophic cultivation was performed on media with
0.05% yeast extract. The amount of the inoculum intro-
duced was 10 vol % for hetero- and mixotrophic culti-
vation and 15-20% for autotrophic cultivation. The cul-
tivation temperature was 48-50°C. Cultivation was
performed in 5-1 flasks bubbled through with air
(2 1 air/(1 medium min)) or in 250-ml flasks with 100 ml
of the medium (to obtain the inoculum). In the exper-
iments set to study the effect of medium enrichment
with carbon dioxide, CO, (5-10%) was added to the
air bubbled through the medium. The concentration of
dissolved CO, was not measured. Culture growth was
monitored by determining the cell number and the
protein content. Iron concentration, biomass protein,
and the protein of cell-free extracts were determined
as described earlier [6].

To determine the activity of the TCA cycle
enzymes, mid-log-phase or late-log-phase cells were
used. Cells were washed two times with 0.05 M Tris—
HCI buffer (pH 7.2), resuspended in the same buffer,
and ultrasonically disrupted (22 kHz, 3 x 1.5 min,
under cooling). The supernatant obtained by centrifu-
gation of the homogenate for 20 min at 40000 g was
used to determine the enzymatic activities.

Citrate synthase (EC 4.1.3.7) and malate synthase
(EC 4.1.3.2) were determined using 5,5'-dithiobis-(2-
nitrobenzoate) at 412 nm [11, 12]. Isocitrate lyase
(EC 4.1.3.1) was determined from the formation rate of
glyoxylate from isocitrate [13]. Other enzymes of the
TCA cycle and glyoxylate shunt (aconitase, EC 4.2.1.3;
isocitrate dehydrogenase, EC 1.1.1.4; 2-oxoglutarate
dehydrogenase, EC 1.2.4.2; succinate dehydrogenase,
EC 1.3.99.1; fumarate hydratase, EC 4.2.1.2; and
malate dehydrogenase, EC 1.1.1.37) were assayed as
described earlier [14] on a model 200-20 spectropho-
tometer (Hitachi).

The activities of ribulose bisphosphate carboxylase
(RuBPC, EC 4.1.1.39), pyruvate carboxylase
(EC 6.4.1.1), phosphoenolpyruvate (PEP) carboxylase
(EC 4.1.1.31), PEP carboxytransphosphorylase
((EC 4.1.1.38), and PEP carboxykinase (EC 4.1.1.32)
were determined by the radioisotopic method [15] from
the fixation rate of radiocarbon from ['*C]bicarbonate
by cellular extracts containing 0.5-1.5 mg protein/ml;
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an LKB RacBeta 1127 scintillation counter and the
ZhS-107 scintillation cocktail were used.

The activities of all enzymes were expressed in
nmol/(min mg protein).

RESULTS AND DISCUSSION

1. Culture growth. Strain Sulfobacillus thermosul-
fidooxidans subsp. asporogenes 41 could grow under
autotrophic and heterotrophic conditions over only one
or two culture transfers and preferred mixotrophic con-
ditions (Fig. 1a), which is typical for sulfobacilli. The
specific growth rate under mixotrophic conditions was
0.332 h!, whereas under autotrophic and heterotrophic
conditions, it was 0.087-0.090 h-L. Cells of autotrophic
and heterotrophic cultures were polymorphic. The
highest rate of ferrous iron oxidation (0.15 g/(1 h), or
2.7 mmol(l h)) was observed under mixotrophic condi-
tions (Fig. 1b). Under autotrophic conditions, cells con-
tinued to oxidize the substrate for one day after the ces-
sation of growth. The redox potential increased from
540 to 780-800 mV, reaching the highest values by the
end of mixotrophic growth (Fig. 1b).

2. Enzymes of the TCA cycle and glyoxylate
shunt. In cells of S. thermosulfidooxidans 41 grown
under various conditions, all TCA cycle enzymes were
revealed except for 2-oxoglutarate dehydrogenase
(Table 1). One of the two enzymes of the glyoxylate
shunt, malate synthase, was also revealed, whereas the
other one, isocitrate lyase, could not be detected under
any cultivation conditions. Thus, neither a complete
TCA cycle nor the glyoxylate shunt can operate in
strains 41 and 1269 [6]. The TCA cycle is represented
by separate reactions apparently playing biosynthetic
roles.

In cells of strain 41 grown under autotrophic and
mixotrophic conditions (Table 1), the activities of cit-
rate synthase (the key enzyme of the TCA cycle), as
well as the activities of isocitrate dehydrogenase, were
roughly the same. In cells of this strain grown het-
erotrophically, the levels of citrate synthase, aconitase,
and isocitrate dehydrogenase were lower than in
autotrophically grown cells. Conversely, the levels of
succinate dehydrogenase, fumarate hydratase, and
malate dehydrogenase in heterotrophically grown cells
were higher than in cells grown autotrophically. In mix-
otrophically grown cells, the levels of the above
enzymes were intermediate.

The data obtained with strain 41 can be compared
with our earlier data on the activity of the TCA cycle
enzymes in another Sulfobacillus thermosulfidooxidans
strain, 1269. In the latter strain, the activity of all TCA
cycle enzymes was higher after autotrophic growth; an
exception was malate dehydrogenase, whose activity
was higher after mixotrophic growth [6].

As follows from the data of the present paper, the
cultivation conditions most greatly affect those TCA
cycle enzymes that are involved in the initial reactions
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Fig. 1. (a) Biomass accumulation and (b) Fe?* oxidation (curves 1, 3) and Eh changes (curves I', 3') during the (1) autotrophic, (2)
heterotrophic, and (3) mixotrophic growth of S. thermosulfidooxidans subsp. asporogenes 41,

of the cycle (citrate synthase, aconitase, and isocitrate
dehydrogenase). Evidently, heterotrophically and mix-
otrophically grown cells are not as dependent on the
initial reactions of the synthesis of organic compounds
as autotrophically grown cells.

3. Carboxylases. The analyses of the carboxylating
enzymes (Table 2) showed that, in the autotrophically
grown cells of strain 41, the activity of RuBPC was
rather high (44.6 nmol/(min mg protein)), exceeding
that in the other sulfobacilli studied. Evidently, the
Calvin cycle is the main mechanism of CO, fixation in
strain 41. In cells grown under mixotrophic conditions,
RuBPC activity was also high, whereas in heterotroph-
ically grown cells, it was low (1.5 nmol/(min mg pro-
tein)).

It was established that CO, fixation by strain 41 cells
grown under any of the conditions studied can also involve
the reactions of pyruvate and PEP carboxylation. The

activities of pyruvate and PEP carboxylases in autotroph-
ically grown cells were 0.51 and 8.7 nmol/(min mg pro-
tein), respectively. The activity of PEP carboxylase con-
siderably increased upon the addition of organic com-
pounds to the medium, reaching 20.7 nmol/(min mg
protein) in mixotrophically grown cells. Heterotrophi-
cally grown cells exhibited the lowest activities of all
carboxylases. PEP carboxykinase and PEP carbox-
ytransphosphorylase could not be detected in strain 41.

4. Effect of CO, concentration. An increase in the
CO, content of the supplied air to 10% resulted in the
activation of growth of both Sulfobacillus thermosulfi-
dooxidans strains 1269 and 41. Although the cell con-
centration increased insignificantly as compared to the
control, reaching 2-3 x 107 cells/ml, the cellular con-
tent of protein increased by 20-30% (Fig. 2a), and the
rate of iron oxidation also increased (Fig. 2b). In cells
of strain 1269, the activity of the TCA cycle enzymes

Table 1. Activities (nmol/(min mg protein)) of the enzymes of the TCA cycle and glyoxylate shunt in S. thermosulfidooxidans
subsp. asporogenes strain 41 cells grown under various cultivation conditions

Cultivation conditions
Enzyme autotrophic
usual CO, increased CO, heterotrophic mixotrophic
concentration concentration
Citrate synthase 13.6 17.7 8.7 19.8
Aconitase 146.8 323.0 17.6 18.8
Isocitrate dehydrogenase 244 14.6 22 17.6
2-Oxoglutarate dehydrogenase 0 0 0 0
Succinate dehydrogenase 46.7 17.2 64.0 56.1
Fumarate hydratase 300 17.8 105.0 58.2
Malate dehydrogenase 28.9 225 71.0 50.0
Isocitrate lyase 0 0 0 0
Malate synthase 6.4 54 9.6 52
MICROBIOLOGY Vol. 69 No.3 2000
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Fig. 2. (a) Biomass accumulation and (b) Fe?* oxidation by ({, 2) strain 41 and (3, 4) strain 1269 during autotrophic growth at (1, 3)

normal and increased (2, 4) CO, concentrations.

(isocitrate dehydrogenase and fumarate hydratase, see
Table 3) increased as well. However, malate dehydro-
genase activity decreased.

In the cells of strain 41, an increased CO, concentra-
tion in the medium caused a decrease in the activity of
succinate dehydrogenase and fumarate hydratase. In
both strains 41 and 1269, the increase in the CO, con-
centration led to an increase in the activity of citrate
synthase and aconitase (and in strain 1269, of malate
synthase as well); this provided for high rates of the ini-
tial reactions of the TCA cycle and oxalacetate regen-
eration and, consequently, for more stable autotrophic
growth over three culture transfers.

In the cells of strain 41 grown autotrophically in the
presence of an increased CO, concentration, the activi-
ties of RuBPC, PEP carboxylase, and pyruvate carbox-
ylase (4.4, 0.6, and 0.31 nmol/(min mg protein)) were
considerably lower than in cells grown in the presence
of a normal CO, concentration (Table 2) but higher than
in heterotrophically grown cells. In should be men-
tioned that all of the carboxylases studied retained their

activity over three culture transfers under autotrophic
conditions.

The data obtained in the present work allow us to
state that, in S. thermosulfidooxidans subsp. asporo-
genes 41, separate reactions of the TCA cycle and gly-
oxylate shunt operate irrespective of the cultivation
conditions; in this respect, strain 41 is similar to S. ther-
mosulfidooxidans 1269, the only other sulfobacillus
that has been the subject of a relevant study [6]. The
activities of the TCA cycle enzymes in these two facul-
tatively chemolithotrophic strains are low as compared
to obligate heterotrophs. Sulfobacilli apparently use
organic compounds mainly in biosynthetic reactions.

In strain 41, changes in the cultivation conditions
mainly affect the initial oxidation stages of di- and tri-
carboxylic acids; e.g., under autotrophic conditions, the
activity of the enzymes involved in these reactions
increases (Table 1). In strain 1269 studied earlier, the
activities of all TCA cycle enzymes except for malate
dehydrogenase were higher under autotrophic condi-
tions than under mixo- or heterotrophic conditions [6].
In both strains 41 (Table 1) and 1269 [6], under any

Table 2. Activities (nmol/(min mg protein)) of carboxylases in S. thermosulfidooxidans subsp. asporogenes strain 41 cells

grown under various cultivation conditions

Cultivation conditions
Enzyme - - - - -

autotrophic autotrophic + CO, mixotrophic heterotrophic
RuBPC 44.60 4.40 18.0 1.5
pyruvate carboxylase 0.51 0.31 0.26 0.21
PEP carboxylase 8.7 0.6 20.7 0.24
PEP carboxykinase 0 0 0 0
PEP carboxytransphosphorylase 0 0 0 0
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growth conditions, the TCA is incomplete and operates
as two inversely directed chains of reactions. Strain 41
displayed the activity of malate synthase (a glyoxylate
cycle enzyme) irrespective of the growth medium com-
position, whereas strain 1269 exhibited this activity
only after growth in the presence of an increased CO,
concentration. (Table 3).

Due to the functioning of PEP and pyruvate carbox-
ylases in strain 41 under any cultivation conditions, the
ability of this strain to regenerate oxalacetate for bio-
synthetic purposes is greater than the ability of strain
1269 [9].

Based on our data and data available in the literature
[5, 9], it may be concluded that, in all Sulfobacillus
strains, CO, fixation occurs via the Calvin cycle. It
should be mentioned that S. thermosulfidooxidans
subsp. asporogenes 41 exhibits a higher specific activ-
ity of RuBPC than other strains of sulfobacilli {4, 6],
especially during autotrophic growth. However, strains
S. thermosulfidooxidans 41 and 1269 are close in their
growth yield values (Fig. 2a).

In strain 1269, apart from the Calvin cycle reac-
tions, only one additional reaction was found to be
involved in CO, fixation; this was the reaction cata-
lyzed by PEP carboxytransphosphorylase [9]; in strain
41 cells grown under various conditions, pyruvate car-
boxylase and a highly active PEP carboxylase were
revealed (Table 2).

The activity of PEP carboxylase in strain 41 cells
was the highest after mixotrophic growth, and this cor-
related with an increased biomass accumulated under
mixotrophic conditions. In this strain, '“CO, fixation
was earlier found to increase after the addition of
0.02% yeast extract to the medium [10]; this increase
might be due to the operation of PEP carboxylase.

During the growth of strain 41 under autotrophic
conditions at an atmospheric content of CO, in the sup-
plied air, derepression of the syntheses of RuBPC, PEP
carboxylase, and pyruvate carboxylase occurred. At a
CO, content of the supplied air of 5-10%, the synthesis
of the above enzymes diminished, probably due to the
formation of repression-causing compounds such as
PEP [16].

It was noted earlier that stable autotrophic growth of
sulfobacilli [4, 171 and moderately thermophilic chem-
olithotrophs, e.g., Thiobacillus caldus (18], requires
CO, concentrations that are higher than the atmo-
spheric one. It was suggested that mechanisms of CO,
fixation in S. thermosulfidooxidans are not efficient
enough [19, 20]. Most probably, that is why sulfobacilli
frequently occur in natural environments in tight sym-
biotic associations with other thermoacidophiles that
possess efficient inducible mechanisms of CO, fixation
(e.g., Acidimicrobium ferrooxidans) [21, 22]. This con-
comitant microflora may supply sulfobacilli with
organic carbon [22].

In their natural ecotopes (dumps of polymetallic
ores, sulfide mineral deposits, acidic hydrotherms), sul-
MICROBIOLOGY  Vol. 69
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Table 3. Effect of CO, concentration on the activities
(nmol/(min mg protein)) of the enzymes of the TCA cycle
and glyoxylate shunt in S. thermosulfidooxidans strain 1269
cells grown autotrophically

Strain 1269
Enzyme usual CO, | increased
concentra- |CO,concen-

tion* tration
Citrate synthase 38 13.2
Aconitase 7.8 51.6
Isocitrate dehydrogenase 16.0 28.7
2-Oxoglutarate dehydrogenase 0 0
Succinate dehydrogenase - 40.0
Fumarate hydratase 62.0 115.0
Malate dehydrogenase 132.0 383
Isocitrate lyase 0 0
Malate synthase 0 18.3
Note: “~” means that a given experimental variant was not run.

*Data from [6].

fobacilli and similar thermoacidophilic organisms suf-
fer not only organic compound deficiency but also, at
high temperatures, carbon dioxide and oxygen limita-
tion. An unstable supply of organic compounds and a
variable CCO, concentration have resulted in the devel-
opment of adaptation mechanisms that provide for the
survival of microorganisms under these conditions.
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