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Abstract—Ethanol-grown cells of the mutant Acinetobacter sp. strain ING, incapable of producing
exopolysaccharides, were analyzed for the activity of enzymes of the tricarboxylic acid (TCA) cycle and some
biosynthetic pathways. In spite of the presence of both key enzymes (isocitrate lyase and malate synthase) of
the glyoxylate cycle, these cells also contained all enzymes of the TCA cycle, which presumably serves bio-
synthetic functions. This was evident from the high activity of isocitrate dehydrogenase and glutamate dehy-
drogenase and the low activity of 2-oxoglutarate dehydrogenase. Pyruvate was formed in the reaction catalyzed
by oxal oacetate decarboxylase, whereas phosphoenol pyruvate (PEP) was synthesized by the two key enzymes
(PEP carboxykinase and PEP synthase) of gluconeogenesis. The ratio of these enzymes was different in the
exponential and the stationary growth phases. The addition of the C,-dicarboxylic acid fumarate to the ethanol -
containing growth medium led to a 1.5- to 2-fold increase in the activity of enzymes of the glyoxylate cycle, as
well as of fumarate hydratase, malate dehydrogenase, PEP synthase, and PEP carboxykinase (the activity of the
latter enzyme increased by more than 7.5 times). The data obtained can be used to improve the biotechnology
of production of microbia exopolysaccharide ethapolan on C,-substrates.

Key words. ethanol metabolism, the tricarboxylic acid cycle, the glyoxylate cycle, gluconeogenesis, biosynthesis.

Acinetobacter sp. 12S is the producer of the com-
plex exopolysaccharide (EPS) ethapolan [1]. To study
C,-metabolism in this bacterium, we derived the EPS-
deficient mutant Acinetobacter sp. strain ING [2], since
cells of the parent strain cannot be used in enzymatic
studies astheir separation from the highly viscous high-
molecular-weight EPS is hardly possible. The experi-
mental data obtained earlier showed that the oxidation
of ethanol to acetaldehyde in Acinetobacter sp. is cata-
lyzed by the NAD*-linked alcohol dehydrogenase.
Acetaldehyde is oxidized by acetaldehyde dehydroge-
nase with NAD* and NADP* as electron acceptors.
Acetate is involved in the metabolism of Acinetobacter
sp. with the aid of acetyl-CoA synthetase. The presence
of isocitrate lyase indicated that the glyoxylate cyclein
Acinetobacter sp. functions as the anapl erotic sequence
of reactions replenishing the cellular pool of C,-dicar-
boxylic acids.

Theaim of thiswork wasto gain further insight into
the C,-metabolism of Acinetobacter sp. by measuring
the activity of enzymes of thetricarboxylic acid (TCA)
cycle and some biosynthetic pathways, in particular,
gluconeogenesis.

MATERIALS AND METHODS

The EPS-deficient Acinetobacter sp. strain ING
used in this study was described earlier [2].

Cultivation conditions. The strain was grown in a
liquid medium containing (g/l) KH,PO,, 3.4, KOH,
0.9; NH,NO;, 0.3; MgSO, - 7H,0, 0.4; CaCl, - 2H,0,
0.1; FeSO, - 7H,0, 0.001; yeast autolysate, 5; and cal-
cium pantothenate, 0.0009% (pH 6.8—7.0). The source of
carbon and energy was either 1 vol % ethanol or 1 vol %
ethanol + 0.2% potassium fumarate. The latter sub-
strate was added to the medium in the form of a 10%
solution. In one of the experiments, in which Acineto-
bacter sp. ING was grown on the mixture of ethanol
and fumarate, the medium did not contain pantothenate.

The medium was inocul ated either with a 1-day-old
culture grown on amixture of nutrient-wort (1 : 1) agar
or with an exponential-phase (16- to 18-h-old) culture
grown on 0.5 vol % ethanol. The inoculum size was
5%. Cultivation was carried out in flasks on a shaker
(220 rpm) at 30°C for 1640 h.

The determination of the oxidation rates of sub-
strates by intact Acinetobacter sp. ING cells. The
oxidation rates of substrates were determined from the
respiration rates of intact Acinetobacter sp. ING cells
incubated in a 50 mM Tris—phosphate buffer (pH 7.0)
in the presence of one of the substrates (ethanol, acetal-
dehyde, acetate, and the TCA cycleintermediates). The
respiration rates were measured using a PPT-1
polarograph equipped with a Clark-type oxygen elec-
trode [2, 3]. The concentration of the respiration sub-
strates, which were added to the medium in the form of
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potassium salts, was 10 mM. Cells for polarographic
studies were grown in the liquid medium to the expo-
nential phase (16—20 h of growth), harvested by centrif-
ugation at 4000 g for 15 min (4°C), and washed twice
with a50 mM K-phosphate buffer (pH 7.0).

Enzyme assay. Cell-free extracts for enzyme assay
were prepared from cellswashed with a0.05 M K-phos-
phate buffer (pH 7.0) [2, 3].

Theactivities of the key enzymes of C,-metabolism,
namely, NAD*-linked acohol dehydrogenase (EC
1.1.1.1), NADP*linked acetaldehyde dehydrogenase
(EC 1.2.1.4), acetyl-CoA synthetase (EC 6.2.1.1), ace-
tate kinase (EC 2.7.2.1), and isocitrate lyase (EC
4.1.3.1), as well as 2-oxoglutarate dehydrogenase (EC
1.2.4.2) and pyruvate carboxylase (EC 6.4.1.1), were
measured as described elsawhere [ 2, 3].

Malate synthase (EC 4.1.3.2) was assayed from the
declinein the concentration of glyoxylate phenylhydra-
zone measured colorimetrically at 324 nm [4].

The activities of the NAD*-linked isocitrate dehy-
drogenase (EC 1.1.1.41), malate dehydrogenase (EC
1.1.1.37), and glutamate dehydrogenase (EC 1.4.1.2)
were determined from the rate of NAD* reduction
[5-7]. The activities of the NADP*-linked isocitrate
dehydrogenase (EC 1.1.1.42) and malate dehydroge-
nase (EC 1.1.1.82) were determined from the rate of
NADP* reduction [8, 9]. The reduction of NAD* and
NADP* was measured spectrophotometrically at 340 nm.

Citrate synthase (EC 4.1.3.7) was assayed from the
decline in the concentration of acetylphosphate in the
presence of coenzyme A and oxaloacetate [8]. The
activities of aconitate hydratase (EC 4.2.1.3), PEP car-
boxykinase (EC 4.1.1.49), PEP synthase (EC 2.7.9.1),
and oxaloacetate decarboxylase (EC 4.1.1.3) were
determined from the rate of NADH oxidation measured
spectrophotometrically at 340 nm [10-12]. The activity
of glutamate dehydrogenase (EC 1.4.1.4) was assayed
from the rate of NADPH oxidation measured at 340 nm
[13]. Alternatively, PEP synthase was assayed from the
decline in the concentration of pyruvate, which was
analyzed colorimetrically at 445 nm by reaction with
dinitrophenylhydrazine [12].

The NAD*- and NADP*-linked oxal oacetate-decar-
boxylating malate dehydrogenases (EC 1.1.1.38 and
EC 1.1.1.40, respectively) were assayed by the reduc-
tion of NAD* and NADP*, respectively [3].

The activity of succinate dehydrogenase (EC
1.3.99.1) was determined from the rate of dichlorophe-
nolindophenaol reduction (measured at 600 nm) in the
presence of phenazine methosulfate [10]. Fumarate
hydratase (EC 4.2.1.2) was assayed from the rate of
fumarate formation or consumption measured spectro-
photometrically at 315 nm [10].

The activities of all enzymes were measured at a
temperature of 28-30°C, which is optimal for the
growth of Acinetobacter sp. ING, and expressed in
nmol/(min mg protein). Protein was quantified by the
Bradford method [14].
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Table 1. The respiration rates of intact Acinetobacter sp.
ING cells incubated in the presence of different C,-com-
pounds and the TCA cycle intermediates

The respiration rate (in nmol O,/(min
Respiration mg cells)) of cells grown on
st ethanol +fu-fethanol + s
Ethanol 155.3 149.3 153.2
Acetaldehyde 149.6 152.4 146.9
Acetate 138.7 143.3 103.2
Isocitrate 129.5 180.6 172.3
2-Oxoglutarate 106.3 102.3 98.5
Succinate 1415 150.3 148.5
Fumarate 77.5 162.4 158.3
Malate 116.8 171.4 167.1

* |nthis case, pantothenic acid was absent from the growth medium.

RESULTS AND DISCUSSION

The measurement of the respiration of the ethanol-
grown Acinetobacter sp. ING cells oxidizing various
intermediates of the TCA cycle showed that these cells
are able to oxidize al of the organic acids studied at a
rate of 100-140 nmol O,/(min mg cells), except for
fumarate, which was oxidized at alower rate, 77.5 nmol
O,/(minmg cells) (Table 1). These data suggest that the
Acinetobacter sp. ING cells grown on ethanol contain
the complete TCA cycle. This suggestion was con-
firmed by the results of enzymatic measurements pre-
sented in Table 2.

When microorganisms are cultivated on carbohy-
drate substrates, the TCA cycle serves as the maor
source of NADH, whose oxidation in aerobic heterotro-
phs is coupled to energy conservation in the form of
ATP. In addition, the TCA cycle produces some inter-
mediates necessary for constructive metabolism [15].
In the Acinetobacter sp. cellsgrown on ethanol, thefirst
energy-yielding reactions of ethanol metabolism are
catalyzed by NAD*-linked dehydrogenases. The cellu-
lar pool of C,-dicarboxylic acidsisreplenished with the
aid of the glyoxylate cycle, whose key enzymes are
isocitrate lyase and malate synthase. Malateis oxidized
to oxaloacetate by NAD*- and NADP*-linked enzymes
(Table 2). Thus, the complete TCA cycle (i.e., contain-
ing active 2-oxoglutarate dehydrogenase) is dispens-
ableto this organism. Nevertheless, the cell-free extract
of Acinetobacter sp. ING was found to contain al
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Table 2. Theactivity of the central metabolism enzymesin the Acinetobacter sp. ING cells grown under different conditions

Enzymeatic activity (in nmal/(min mg protein)) in cellsgrown on

Enzyme
ethanol ethanol + fumarate | ethanol + fumarate*
NAD™-linked alcohol dehydrogenase 315.3 342.5 330.6
NADP*-linked acetaldehyde dehydrogenase 234.7 2590.0 246.8
Acetyl-CoA synthetase 2135 ND ND
Acetate kinase 21.6 ND ND
Isocitrate lyase 312.2 459.3 17.2
Malate synthase 141.2 215.6 91.2
Citrate synthase 405.6 ND ND
Aconitase 349.0 ND ND
NAD*-linked isocitrate dehydrogenase 0 0 0
NADP*-linked isocitrate dehydrogenase 717.8 1289.6 1739.1
2-Oxoglutarate dehydrogenase 934 ND ND
Succinate dehydrogenase 197.5 ND ND
Fumarase 186.8 351.3 218.6
NAD™-linked mal ate dehydrogenase 643.1 1286.2 1484.1
NADP*-linked malate dehydrogenase 79.8 156.8 1135
NAD™-linked glutamate dehydrogenase 642.6 ND ND
NADP*-linked glutamate dehydrogenase 257.2 ND ND
NAD*-linked mal ate dehydrogenase (decarboxylating) 17.9 ND ND
NADP*-linked malate dehydrogenase (decarboxylating) 0 ND ND
Oxal oacetate decarboxylase 446.6 ND ND
Pyruvate carboxylase 160.6 271.8 192.9
Phosphoenol pyruvate carboxykinase 48.7 362.3 1715
Phosphoenol pyruvate synthase 487.0 728.5 702.0

Notes: Enzymatic activities were measured in the cell-free extract of mid-exponential cells grown for 16-18 h. ND stands for “not deter-

mined.”

* |n this case, pantothenic acid was absent from the growth medium.

enzymes of the TCA cycle, including, albeit at alower
level, 2-oxoglutarate dehydrogenase (Table 2).

Noteworthy is the high activity of the NADP*-linked
isocitrate dehydrogenase in this bacterium. It is known
that the flow of isocitrate through the bacterial glyoxy-
late cycleisregulated by means of the covalent modifi-
cation (reversible phosphorylation—dephosphorylation)
of isocitrate dehydrogenase with the aid of bifunctional
kinase/phosphatase [16]. When enterobacteria grow on
C,-substrates, isocitrate dehydrogenase is phosphory-
lated and its activity drops, whereasthe activity of isoc-
itrate lyase rises [16]. The high activity of both isoci-
trate dehydrogenase and isocitrate lyase in the ethanol -
grown Acinetobacter sp. suggeststhat the TCA cycle of
this bacterium serves predominantly biosynthetic func-

tions, as was shown earlier for some methylotrophic
bacteria[15].

To elucidate the role of the TCA cycle in the C,-
metabolism of Acinetobacter sp., we measured the
activity of glutamate dehydrogenase, the enzyme that
catalyzes the reductive amination of 2-oxoglutarate and
the synthesis of amino acids of the glutamate family.
The cell-free extract of Acinetobacter sp. cells con-
tained both NADP*- and NAD*-linked glutamate dehy-
drogenases (Table 2). The activity of these enzymes
measured in the direction of glutamate synthesis was
rather high, athough the desaminating activity of
glutamate dehydrogenase was close to zero. These data
confirm the suggestion that the TCA cycle in the etha-
nol-grown Acinetobacter sp. cells serves biosynthetic
functions.
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When microorganisms grow on two- or three-car-
bon substrates (as pyruvate, lactate, ethanol, and ace-
tate) or substrates (as higher n-alkanes, fatty acids, and
aromatic compounds) whose catabolism yields acetyl-
CoA or the TCA cycle intermediates, they require car-
bohydrate molecules for the synthesis of nucleic acids,
polysaccharides, and some metabolites. The necessary
carbohydrates are synthesized in gluconeogenesis[15].

The ability of Acinetobacter sp. to grow on C,- and
Cs-substrates and to synthesize EPS [1] suggests that
the activity of gluconeogenesis in this bacterium is
high. In most microorganisms, the key enzyme of glu-
coneogenesis is PEP carboxykinase, which isknown to
catalyze the ATP-dependent conversion of oxal oacetate
to PEP [15]. The activity of thisenzymein the cell-free
extract of Acinetobacter sp. was relatively low (40-50
nmol/(min mg protein) (Table 2) in the presence of any
of the three nucleotide triphosphates, ATP, GTP, and
ITP.

In general, pyruvate kinase cannot convert pyruvate
into PEP, since the equilibrium of the reaction cata-
lyzed by thisenzymeis shifted toward the hydrolysis of
PEP. However, in bacteria, PEP can be produced in the
reaction catalyzed by PEP synthase and linked with the
hydrolysis of ATP to AMP [17, 18]. This reaction is
thermodynamically feasible, since the hydrolysis of
ATP to AMP yields more energy than does the hydrol-
ysisof ATPto ADP.

The cell-free extract of the ethanol-grown Acineto-
bacter sp. cells contained both key enzymes of gluco-
neogenesis, PEP carboxykinase, and PEP synthase
(Tables 2, 3). The activity of PEP carboxykinasein the
stationary growth phase was about tenfold higher than
it was in the exponential growth phase, whereas the
activity of PEP synthase in the mid-exponential and the
early stationary growth phases was much the same.

In Escherichia cali cells grown on pyruvate, PEP
synthase catalyzes the conversion of pyruvate to PEP,
whereas PEP carboxykinase is active in the succinate-
grown cells [18]. Of interest is the fact that active PEP
synthase was detected not only in the E. coli cells
grown on the substrates involved in gluconeogenesis,
but also in the glucose-grown cells [17]. The presence
of active PEP synthase in the E. coli cells led to the
operation of afutile cycle involving PEP and pyruvate.
The increase in the PEP synthase activity enhances the
PEP/pyruvate ratio and thereby activates the operation
of the PEP—phosphotransferase system and stimulates
the consumption and catabolism of glucose [17].

In Acinetabacter sp. cells grown on C,-substrates,
pyruvate was formed from oxal oacetate in the reaction
catalyzed by oxaloacetate decarboxylase (Table 2).
Pyruvate is a component of the Acinetobacter sp.
exopolysaccharide ethapolan [1] and the precursor of
amino acids of the pyruvate family [15, 19]. In the cell-
free extract of the ethanol-grown Acinetobacter sp.
cells, the NADP*-linked oxal oacetate decarboxylating
malate dehydrogenase (malic enzyme) was absent,
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Table 3. The activity of enzymes involved in gluconeogen-
esis in the Acinetobacter sp. ING cells grown on ethanol to
different growth phases

Activity, nmol/(min mg protein)
Growth phase PEP carboxyki-
yKi
nase PEP synthase
Mid-exponential phase 48.7 487.0
Early stationary phase 534.0 508.1

whereas the activity of the NAD*-linked malic enzyme
was low, 15-20 nmol/(min mg protein). At the same
time, the activity of pyruvate carboxylase wasrelatively
high. This enzyme catalyzes the carboxylation of pyru-
vateinto oxaloacetate [19] and islikely ableto catalyze
the reverse reaction of oxaloacetate decarboxylation
[20]. In the ethanol-grown Acinetobacter sp. cells,
pyruvate carboxylase, together with oxaloacetate
decarboxylase, may be involved in the formation of
pyruvate. It should be noted in this regard that pyruvate
carboxylase activity in the stationary-phase Acineto-
bacter sp. cells was more than threefold higher than it
was in the exponential -phase cells and reached almost
589.4 nmol/(min mg protein). Nevertheless, the physi-
ological role of pyruvate kinase in Acinetobacter sp.
remains unclear and requires further study.

The results of the enzymatic studies described here
can be summarized in the following putative scheme of
ethanol metabolism in Acinetobacter sp. (seefigure).

Our earlier studies [1] showed that the synthesis of
EPS by Acinetobacter sp. can be enhanced by adding
C,-dicarboxylic acids (the intermediates of ethanol
metabolism involved in gluconeogenesis) to the growth
medium. In particular, the addition of fumaratein 0.2%
batches to the stationary-phase Acinetobacter sp. cul-
ture grown in the ethanol-containing medium augmented
the concentration of EPS to 10-15 g/l (by four to five
times) and increased theyield of EPSwith respect to the
substrate consumed (ethanol + fumarate) to 80%. In the
light of this, of interest wasto study the effect of fuma-
rate on the activity of enzymes involved in gluconeo-
genesis.

Experiments showed that the addition of fumarateto
the medium containing ethanol and pantothenic acid
increased the activity of most of the enzymes studied by
1.5-2 times (Table 2). The increase in the activity was
observed not only for enzymes of the glyoxylate cycle,
which replenishes the cellular pool of C,-dicarboxylic
acids serving as the gluconeogenesi s precursors, but aso
for the proper enzymes of gluconeogenesis. Theincrease
in the activity of PEP carboxykinase in response to the
addition of fumarate was as high as 7.5-fold.

When pantothenic acid was absent from the medium
containing ethanol and fumarate, the activities of
mal ate dehydrogenase and i socitrate | yase decreased by
2 and more than 25 times, respectively, whereas the
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Ethanol metabolism in Acinetobacter sp.: 1, NAD*-linked
alcohol dehydrogenase; 2, NADP*-linked acetaldehyde
dehydrogenase; 3, acetyl-CoA synthetase; 4, aconitase; 5,
NADP"-linked isocitrate dehydrogenase; 6, isocitrate lyase;
7, malate synthase; 8, 2-oxoglutarate dehydrogenase; 9,
NAD* NADP*-linked glutamate dehydrogenase; 10, succi-
nate dehydrogenase; 11, fumarase; 12, NAD*, NADP*-
linked malate dehydrogenase; 13, oxal oacetate decarboxy-
lase; 14, phosphoenol pyruvate carboxykinase; 15, phospho-
enol pyruvate synthase.

activity of isocitrate dehydrogenase somewhat
increased (Table 2). In this case, the activities of PEP
carboxykinase and PEP synthase (the enzymes of glu-
coneogenesis) were higher than in the Acinetobacter
sp. cells grown in the medium with ethanol and pan-
tothenate but without fumarate (Table 2).

The addition of fumarate to the growth medium also
enhanced the oxidation of fumarate, malate, and isoci-
trate by intact Acinetobacter sp. cells (Table 1). In the
presence of pantothenate, the addition of fumarate to
the ethanol-containing growth medium did not influ-
encethe oxidation of ethanol, acetaldehyde, and acetate
by Acinetobacter sp. cells. In the absence of pantothen-
ate, the addition of fumarate somewhat decreased the
rate of acetate oxidation by bacterial cells (Table 1).

Thus, experiments showed that the ethanol-grown
Acinetobacter sp. cells contain both the glyoxylate
cycle and the complete TCA cycle. Carbohydrates are
formed in the gluconeogenetic processes. The forma-
tion of pyruvate and glutamate is catalyzed by oxal oac-
etate decarboxylase and glutamate dehydrogenase,
respectively. The cultivation of Acinetobacter sp. in the
medium containing ethanol and fumarate leads to an
increase in the activity of enzymes of the glyoxylate
cycle and magor biosynthetic pathways. The data
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obtained can be used to devise a new biotechnology for
the controlled synthesis of ethapolan with the required
physicochemical properties.
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