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Abstract—The activity of two carboxylating enzymes was studied in the green filamentous bacterlum Chlo-
roflexus aurantiacus. The carboxylation reaction involving pyruvate synthase was optimized using '*CO, and
cell extracts. Pyruvate synthase was shown to be absent from cells of Cfl. aurantiacus OK-70 and present (in a
quantity sufficient to account for autotrophic growth) in cells of Cfl. aurantiacus B-3. Differences in the levels
of acetyl CoA carboxylase activity were revealed between cells of the strains studied grown under different con-
ditions. The data obtained confirm the operation of different mechanisms of autotrophic CO, assimilation in
CAl. aurantiacus B-3 and Cfl. aurantiacus OK-70: in the former organism, it is the reductive cycle of dicarbox-
ylic acids, and in the latter one, it is the 3-hydroxypropionate cycle.

Key words: Chloroflexus aurantiacus, CO, assimilation

Most phototrophic bacteria are able to grow using
CO, as the sole carbon source. Currently, three path-
ways of CO, fixation by autotrophic microorganisms
are recognized: the reductive pentose phosphate cycle,
the reductive tricarboxylic acid cycle, and the noncyclic
acetyl CoA pathway [1].

Chloroflexus aurantiacus is a filamentous thermo-
philic bacterium able to grow autotrophically utilizing
H, or H,S as electron donors [2, 3]. In this organism,
the key enzymes of the aforementioned CO, fixation
pathways have not been revealed [1, 4, 5]. The data
available indicate that Cfl. aurantiacus employs a novel
pathway of autotrophic CO, assimilation [4-8]. Two
models of this pathway have been suggested (Fig. 1).
The first model implies carboxylation reactions cata-
lyzed by pyruvate synthase and phosphoenolpyruvate
carboxylase [5]. According to the second model, the
major carboxylating enzymes are acetyl CoA carboxy-
lase and propiony! CoA carboxylase [8]. In both cases,
acetyl CoA regeneration occurs as a result of malyl
CoA cleavage involving malyl CoA lyase. The main
products of the cycle, according to both schemes, is
glyoxylate. This compound can then be transformed to
3-phosphoglyceroaldehyde in reactions of the serine
and glycerate pathways [5, 9]. The 3-hydroxypropi-
onate cycle of CO, fixation was proposed based on the
study of Cfl. aurantiacus OK-70, and the reductive
dicarboxylic acid cycle was postulated to operate in
CAl. aurantiacus B-3.

The aim of the present work was to further study the
pathways of CO, assimilation in Cfl. aurantiacus
strains OK-70 and B-3.
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MATERIALS AND METHODS

The subjects of study were the two thermophilic
strains Cfl. aurantiacus B3 and OK-70, isolated,
respectively, from a hot spring near Lake Baikal and
from a hot spring in Oregon, the United States [3, 10].
The bacteria were grown at 55-60°C on Castenholz
medium [11] with 0.1% bicarbonate and 0.01% yeast
extract (as a vitamin source). In some cases, the
medium was supplemented with 0.1% sodium acetate.

The cultures were grown aerobically at an illumina-
tion of 1000 Ix in sealed flasks completely filled with
the medium or in flasks sealed with glass stoppers fitted
with taps. The latter flask were filled with medium to
1/3 of their volume; the air in the gas phase was
replaced with molecular hydrogen. Cultivation lasted
3 days, which corresponded to the middle of the expo-
nential growth phase.

To determine the activity of carboxylating enzymes,
cells were separated from the cultivation medium by cen-
trifugation at 6-8°C, washed in 0.05 M Tris—HCl buffer
(pH 7.8), and resuspended in a buffer of the following
composition: 50 mM Tris—HCI, 5 mM MgCl,, 5 mM
DTT, and 1 mM EDTA (pH 7.8). Then, cells were dis-
rupted in an X-press (LKB) at a pressure of 10000 kg.
The homogenate was centrifuged under an atmosphere
of argon. The extract obtained was used to determine
enzymatic activities.

Enzymatic activities were determined at 55°C. Anaer-
obic conditions were maintained using H,. The protein
content in the reaction mixture was 0.5-2.0 mg/ml.

Pyruvate synthase (EC 1.2.7.1) was determined by
the reaction of pyruvate synthesis and by the reaction of
pyruvate-1*CO, exchange. In the former case, the reac-
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Fig. 1. Pathways of autotrophic CO, assimilation in
Cfl. aurantiacus: (a) the 3-hydroxypropionate cycle; (b) the
reductive dicarboxylic acid cycle.
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Fig. 2. Effect of culture age on the activity of pyruvate syn-
thase of Cfl. aurantiacus B-3. (1) Culture growth; (2) pyru-
vate synthase activity.

tion mixture contained 50 mM Tris—HCl, 5 mM MgCl,,
5 mM DTT, 2 mM methyl viologen (MV) reduced with
metallic zinc, 5 mM Na acetate, 0.1 mM CoA, 5 mM
AMP, 2 mM serine, 10 mM NaHCO;, 0.04 MBq of
NaH'CO;, and 0.5-1.0 mg/ml protein (pH 8.0). In the
case of the exchange reaction, the reaction mixture con-
tained 50 mM Tris-HCl, 5 mM MgCl,, 5 mM DTT,
10 mM Na pyruvate, 0.1 mM acetyl CoA, 10 mM
NaHCO3, 0.04 MBq of NaH'CO,, and 0.5-1.0 mg/ml
protein (pH 8.0).

Acetyl CoA carboxylase (EC 6.4.1.2) was deter-
mined in a reaction mixture containing 100 mM
Tris—HCI, 4 mM MgCl,, 5 mM DTT, 1 mM NADPH,
2 mM ATP, 0.4 mM acetyl CoA, 10 mM creatine phos-
phate, 0.1 mM CoA, 10 mM KHCO;, 0.04 MBq of
NaH!“COs3, 7 units of creatine kinase, and 1.0-2.0 mg/ml
of protein (pH 8.0).

The activity of serine-pyruvate aminotransferase
(EC 2.6.1.51) was determined from the formation of
hydroxypyruvate [12].

Radioactivity was measured on an LKB RacBeta
1127 scintillation counter. The rate of assimilation of
labeled compounds by cells was expressed in nano-
moles of radiocarbon in 1 min per 1 mg of cell protein
(nmol/(min mg protein)).

Protein was determined by the Bradford method
[13], using bovine serum albumin as the standard.

RESULTS AND DISCUSSION

Earlier, it was shown that Cfl. aurantiacus OK-70
and B-3 cells grown autotrophically contain all the
enzymes necessary for the operation of the postulated
pathways of autotrophic CO, assimilation [4, 5, 8]. The
activity of the specific enzymes in cell-free extracts was
sufficient to account for the cell growth rate observed
under autotrophic conditions [4, 5]. The only exception
was pyruvate synthase. The specific activity of this
enzyme in Cfl. aurantiacus B-3 cells grown autotroph-
ically was 0.3 nmol/(min mg protein) as measured in
the reaction of pyruvate synthesis [5]. This enzyme is
highly unstable, and, when measured in vitro, its activ-
ity is often underestimated [4, 5]. Therefore, we opti-
mized the conditions for the reaction of pyruvate syn-
thesis (carboxylation involving pyruvate synthase) in a
cell-free extract. The level of pyruvate synthase activity
depended on the growth phase of Cfl. aurantiacus. As
can be seen from Fig. 2, high activity was observed in
3- and 4-day cultures (mid-exponential growth phase).
Younger cultures were difficult to use in the optimiza-
tion studies because the biomass accumulated was too
low. The optimal pH for the reaction studied was found
to be 7.5-8.0 (Fig. 3). It turned out that, along with the
reaction studied, decarboxylation of the pyruvate syn-
thesized also occurred, which can be explained by the
presence of decarboxylating enzymes in the extract
(Fig. 4). To suppress pyruvate decarboxylation, we
added transaminase substrates to the reaction mixture;
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Fig. 3. Dependence of the activity of Cfl. aurantiacus B-3
pyruvate synthase on the pH of the reaction mixture.

serine proved to be the additive that most efficiently pre-
vented pyruvate decarboxylation (Fig. 4 and Table 1).
Indeed, in Cfl. aurantiacus B-3 cells, serine—pyruvate
aminotransferase is rather active (5 nmol/(min mg pro-
tein)). Serine does not stimulate carboxylation but
allows decarboxylation processes, masking the carbox-
ylation reaction, to be avoided (Table 2).

Determination of the activities of pyruvate synthase
and acetyl CoA carboxylase revealed significant differ-
ences between the two strains of Cfl. aurantiacus stud-
ied. In extracts of Cfl. aurantiacus OK-70 cells grown
under various conditions, we failed to detect pyruvate
synthase activity in the reaction of pyruvate synthesis.
Only in the exchange reaction was a weak activity of
pyruvate synthase recorded (Table 3). In Cfl. aurantia-
cus B-3 cells, pyruvate synthase plays an important role
in the process of autotrophic CO, fixation. This is indi-
cated by the activity of this enzyme, sufficiently high
(2.5 nmol/(min mg protein)) to account for autotrophic
growth (Table 3). In this strain, pyruvate synthase is
synthesized not only under photoautotrophic but also
under photoheterotrophic conditions. The highest
activity of this enzyme was recorded in extracts of cells
grown on acetate and CO,. Under these conditions,
pyruvate synthase most probably participates in the

Table 1. Effect of transamination substrates on the apparent
activity of pyruvate synthase of Cfl. aurantiacus B-3 as mea-
sured in the reaction of pyruvate synthesis (the culture was
grown autotrophically)

Activity,
Transamination substrate nmol/(min mg

protein)
Control (no transamination substrates) 0.38
Serine (2 mM) 1.1
Glycine (2 mM) 043
Aspartic acid (2 mM) 0.05
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Fig. 4. Determination of the activity of Cfl. aurantiacus B-3
pyruvate synthase: (/) reaction mixture containing 2 mM
serine; (2) control (without serine).

assimilation of exogenous acetate via reductive carbox-
ylation, as this occurs in other phototrophic bacteria
and fermentative bacteria [15].

In both Cfl. aurantiacus strains studied, we found a
sufficiently high activity of acetyl CoA carboxylase
(Table 3). However, the changes in the activity of this
enzyme in response to changes in cultivation conditions
were different in these strains. In Cfl. aurantiacus B-3,
the activity showed little changes upon the transition
from photoautotrophic to photoheterotrophic growth,
suggesting that the function of the enzyme in this strain
is restricted to fatty acid synthesis [14}. In Cfl. auranti-
acus OK-70, the activity of acetyl CoA synthase was
relatively low after growth on medium with acetate as a
sole carbon source and considerably higher after photo-
autotrophic growth or photoheterotrophic growth on
medium with acetate and CQO,, confirming the involve-
ment of acetyl CoA carboxylase in autotrophic CO,
assimilation and suggesting the participation of this
enzyme in acetate assimilation during growth on
medium with acetate and CO,. Thus, the absence of
pyruvate synthase from Cfl. aurantiacus OK-70 and its
high activity in Cfl. aurantiacus B-3, as well as data
suggesting the involvement of acetyl CoA carboxylase
in autotrophic acetate assimilation by Cfl. aurantiacus

Table 2. Dependence of the rate of the reaction catalyzed by
pyruvate synthase of Cfl. aurantiacus B-3 on the composi-
tion of the reaction mixture

Activity,

Composition of the reaction mixture nmol/(min mg protein)

+ CoA + acetate + serine 1.4
+ CoA + acetate — serine 0.73
+ CoA — acetate + serine 1.0
— CoA + acetate + serine 0.6
— CoA - acetate + serine <0.1

5 mM ATP.
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Table 3. Activity of pyruvate synthase and acetyl CoA car-
boxylase of Cfl. aurantiacus B-3 and Cfl. aurantiacus OK-70,
nmol/(min mg protein)

Pyruvate synthase
. Substrates the reaction |the exchange Acct:)tyl (I:OA
in cultivation of synthesis reactiong carhoxylase
medium y

B-3 |OK-70] B-3 |OK-70] B-3 |OK-70
Acetate 34 {<0.1332] 1.2 9.2 7.4
H, + CO, 25 |<01]101] 27 | 9.0 | 31.8
Acetate +CO; | 5.7 | <01 (169 ] 05 | 43 | 52

OK-70, are in agreement with the earlier suppositions
about different mechanisms involved in autotrophic
CO, assimilation by different strains of Cfl. aurantia-
cus (the 3-hydroxypropionate cycle in Cfl. aurantiacus
OK-70 [8] and the reductive dicarboxylic acid cycle in
CAl. aurantiacus B-3 [5]).

DNA-DNA hybridization revealed a DNA homol-
ogy level of 99% between Cfl. aurantiacus strains
OK-70 and B-3, unambiguously indicating their affili-
ation to the same species. Probably, the only difference
between these strains is the absence of the gene of pyru-
vate synthase in one of them (OK-70); this difference
has virtually no effect on DNA homology but compels
this strain to use an unusual mechanism of autotrophic
CO, fixation, based on the enzymatic system of fatty
acid synthesis, common for all organisms.
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