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Abstract—Induction of the activity of aconitate hydratase (AH) was observed in rat hepatocytes under the conditions of food
deprivation. The increase in AH activity after 4 days of starvation in the studied tissues was from 0.57 to 2.05 U/g crude liver
weight. The induction of aconitase was associated both with the cytoplasmic and mitochondrial AH isoforms. The activities
of cytosolic and mitochondrial AH isoforms in starving animals consisted of 83 and 17% of the total activity, respectively. The
cytoplasmic and mitochondrial isoforms of the enzyme with specific activities 11.1 and 6.13 U/mg protein, respectively, were
obtained by a five-step purification procedure that included fractionation with ammonium sulfate, ion-exchanging chro-
matography on DEAE-Toyopearl and gel filtration. The purified preparations of these AH isoforms were electrophoretically
homogenous. The molecular weights of these isoforms were estimated and several kinetic and regulatory properties were stud-

ied.
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Extreme environmental conditions influence an
organism, often leading to significant changes in its phys-
iological and metabolic functions and the appearance of
stress. Starvation is one of the stress-factors, which signif-
icantly alters the energetic status of the cell. The decrease
in nutrient delivery to the organism leads to the mobiliza-
tion of nutrient reserves. Under these circumstances the
cooperation between organs plays an important role in
the resolution of the energetic problems on the level of
the whole organism. The liver plays a particular role in the
cooperation between systems: gluconeogenetic processes
occur in the liver leading to glucose synthesis; ketone
bodies, an active transport form of fat, are also synthe-
sized in the liver. Both glucose and ketone bodies are the
most important energy substrates of the organism that are
utilized by other organs [1].

The mobilization of all resources of the organism
directed towards the maintenance of energy balance of
the cells was demonstrated during the study of food dep-
rivation. First of all the most available resources are con-
sumed, in particular that of glucose and then of glycogen.
It was shown that glycogen content in hepatocytes
decreased significantly already at the end of the first 24 h
of starvation [1, 2], and the switch to the metabolism of
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fatty acids occurred. Such amino acids as aspartate and
glutamate are also used as energy substrates during starva-
tion since their transamination leads to the formation of
substrates for the citric acid cycle.

The citric acid cycle plays the key role both in the
mobilization of the reserved nutrients and in ensuring
gluconeogenesis from fatty acids that is observed on the
3-4th day of starvation. This process apparently maintains
stable glucose concentration in blood during its limited
entrance from outside and may ensure the phenomenon
of glycogen resynthesis on the 4th day of food deprivation
that was observed earlier [2]. We demonstrated earlier that
the biochemical mechanism of carbohydrate synthesis
from lipid reserves during starvation represented the
induction of the enzymes of the glyoxylate cycle, which
condensed two molecules of acetyl-CoA that were formed
during B-oxidation of fatty acids into a glucogenic sub-
strate—succinate [3].

Aconitate hydratase (aconitase, AH, EC 4.2.1.3) is
one of the enzymes that are involved in the functioning of
both the citric acid cycle and the glyoxylate cycle. It cat-
alyzes the reactions of mutual conversion of citrate, cis-
aconitate, and isocitrate [4]. AH is found in animal tissues
as two isoenzymes with cytoplasmic and mitochondrial
localization. A third gene that codes for the glyoxysomal
form of the enzyme was identified in plants [5, 6].
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AH activity has been detected in almost all living
organisms [7, 8]. In particular, it has been found in lung,
heart, liver, and skeletal muscle of rat [9-12]. AH was iso-
lated and studied from pig heart [13] and several other
sources [4]. Mitochondrial and cytoplasmic AH forms
were also obtained from rat liver [10, 14]. It was shown
that mitochondrial AH differs from cytoplasmic AH in a
number of kinetic parameters and regulatory properties in
plants, microorganisms, and animals [10, 15, 16].

The aims of this work were to investigate the possi-
bility of induction of the cytoplasmic and mitochondrial
AH isoforms in hepatocytes under conditions of food
deprivation. The AH isoforms were isolated and their
physicochemical, kinetic characteristics, and regulatory
mechanisms were studied.

MATERIALS AND METHODS

Laboratory rats (Rattus rattus L.) fed normally during
growth at the age of three months weighting 250-300 g
were the objects of the study. The animals were subjected
to food deprivation with unlimited access to water for
periods up to six days. Animals receiving the normal
ration were used as controls.

Before liver extraction, the animals were anes-
thetized with diethyl ether and decapitated. The subcellu-
lar fractions were isolated by homogenization of 1 g of
liver in 5 ml of the medium for isolation containing
50 mM Tris-HCI, pH 8.0, 0.3 M sucrose, 5 mM sodium
citrate, 1| mM MgCl,, 4 mM dithiothreitol (DTT), and
1 mM EDTA. The non-dissociated tissues were pelleted
by centrifugation at 3000g for 5 min. For isolation of the
mitochondrial fraction the supernatant was centrifuged at
15,000g for 15 min and washed with the isolation medi-
um. The pellet resulting from the second centrifugation
(15,000g for 15 min) was carefully resuspended in the
homogenization medium (without sucrose) with addition
of 1% Tween-80.

The AH activity was measured spectrophotometri-
cally at 240 nm by differences in the absorption of citrate
and isocitrate in comparison to cis-aconitic acid. The
reaction mixture contained 50 mM Tris-HCI, pH 8.0,
2 mM sodium isocitrate, 1 mM MgCl,, and | mM DTT.
The quantity of the enzyme that converts 1 pmol of the
substrate during 1 min at 25°C at optimal pH was taken as
1 U of the enzymatic activity. Protein content was meas-
ured according to the method of Lowry et al. [17].

The enzyme was purified by the following steps: 1)
fractionation by ammonium sulfate (35-65% of satura-
tion); 2) desalting of the resulting protein preparation by
gel filtration. A column with Sephadex G-25 (1.7 x
15 c¢cm) (Pharmacia, Sweden) was equilibrated with
50 mM Tris-HCI buffer, pH 8.0, containing 1 mM DTT
and 1 mM MgCl,; 3) ion-exchange chromatography on
DEAE-Toyopearl. The protein fraction was applied on
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the column (1.5 x 13 cm) equilibrated with 10 mM Tris-
HCI buffer, pH 8.0. The protein was eluted by a step gra-
dient of KCI; 4) gel filtration on a column with Toyopearl
HW-65 (Toyo Soda, Japan) (2.0 x 55 cm) equilibrated
with 50 mM Tris-HCI buffer, pH 8.0, containing 150 mM
NaCl, ] mM DTT, 1 mM EDTA, and 1 mM MgCl,. All
steps were carried out in a cold room at 0-4°C.

Electrophoresis was carried out in 7.5% polyacryl-
amide gel according to a modification of the method of
Davis. Proteins were universally stained with amido black
10B. For the specific identification of AH we used devel-
oping medium of the following content: 50 mM Tris-
HCI, pH 8.0, 20 mM cis-aconitic acid, 2 mM MgCl,, 1
unit of NADP*-dependent isocitrate dehydrogenase,
1 mM NADP™, 3.3 mM phenazine methosulfate (PMS),
nitro blue tetrazolium (0.5 mg/ml). The molecular weight
was estimated by electrophoresis (PAGE) in the presence
of SDS using the following marker proteins: BSA (bovine
serum albumin) (66 kD), ovalbumin (43 kD), carboanhy-
drase (31 kD), trypsin (21 kD), and lysozyme (14 kD).

The molecular weight of the enzyme was measured
by gel chromatography on Toyopearl HW-65 using the
calibration curve that was establish using marker proteins:
catalase (120 kD), BSA (66 kD), egg albumin (44 kD),
peroxidase (45 kD), and cytochrome ¢ (12.5 kD).

The data presented in tables and figures are the mean
values * standard deviation. The number of independent
experiments is presented in parentheses.

RESULTS

Experimental animals that were subjected to the food
deprivation demonstrated a more than 3-fold increase in
AH activity in the studied tissue. This value was maximal
at the 4th day of starvation and equaled 2.05 U/g crude
weight of the homogenate of liver tissues. The activity
decreased on the 6th day and the experiment was termi-
nated (Fig. 1).

We observed the induction of both cytoplasmic and
mitochondrial AH isoforms in hepatocytes of the control
and experimental rats. It was shown that in both cases the
maximal enzymatic activity was detected in the cytoplas-
mic fraction. According to the results the relative values
of the activities of cytosolic and mitochondrial forms of
aconitase were 79 and 21% (0.80 and 0.18 U) for control
animals and 83 and 17% (2.00 and 0.53 U) for starving
animals.

To study the physical, chemical, and regulatory
properties of these AH isoforms from cytoplasm and
mitochondria of rat hepatocytes under conditions of food
deprivation, they were purified. Typical results are pre-
sented in Tables 1 and 2.

The successive use of fractionation with ammonium
sulfate, gel filtration on Sephadex G-25, ion-exchange
chromatography on DEAE-Toyopearl, and gel chro-
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matography on Toyopearl HW-65 produced the prepara-
tion of the cytoplasmic enzyme isoform from hepatocytes
of starved rats with specific activity 11.1 U/mg corre-
sponding to 232-fold purification and 10% yield, and the
preparation of the mitochondrial isoform with specific
activity 6.13 U/mg corresponding to 123-fold purifica-
tion and 15% vyield.

During the experiments we elaborated conditions for
long-term storage of AH isoforms. The activity of highly
purified cytoplasmic aconitase decreased by 15-20% dur-
ing the first 24 h of storage at 4°C and then by ~5% every
24 h. During the study of the mitochondrial enzyme it
was shown that under the same conditions its activity
decreased much more rapidly in comparison to the cyto-
plasmic enzyme: by 35-40% during the first 24 h and then
by ~15% every 24 h. The optimal conditions for AH were
as follows: medium containing 0.1 M Tris-HCI, pH 7.8-
8.0, 2 mM B-mercaptoethanol or 8§ mM DTT, 4 mM
MgCl,, 25% glycerol, and temperature 15°C in both
cases. Under these conditions during the first five days the
cytoplasmic and mitochondrial enzymes retained 90 and
70% of the initial activity, respectively, and after one
month, 50 and 30%, respectively.

The electrophoretic study of the resulting prepara-
tions of AH isoforms in polyacrylamide gel under non-
denaturing conditions demonstrated the presence of a

U/g crude weight

0 1 2 3 4 5 6
Time of starvation, days

Fig. 1. Change in the aconitase activity in rat hepatocytes dur-
ing starvation: /) U/g crude weight; 2) U/mg protein (n = 10).

single protein band with R; equal to 0.7 for the cytoplas-
mic isoform and 0.62 for the mitochondrial isoform.
Using the development specific for the activity we showed
that the resulting homogenous protein preparations cor-
responded to aconitase (Fig. 2).

The molecular weight values obtained by gel filtra-
tion on Sephadex G-150 and Toyopearl HW-65 were 96

Table 1. Purification of cytoplasmic aconitate hydratase from hepatocytes of starving rats

Volume, Total Protein Specific Yield, Purificati-
Purification step ml activity, quantity, mg activity, % on degree
u U/mg protein
Cytosolic fraction 30.5 11.5 238.2 0.048 100 1
Fractionation with (NH,),SO,, 35-65% 5.0 8.5 82.5 0.103 74 2.2
Gel filtration on Sephadex G-25 8.0 6.1 31.0 0.197 53 4.1
Chromatography on DEAE-Toyopearl 9.5 2.9 0.72 4.03 25 84
Gel filtration on Toyopearl HW-65 6.0 1.1 0.099 11.1 10 232
Table 2. Purification of mitochondrial aconitate hydratase from hepatocytes of starving rats
Volume, Total Protein Specific Yield, Purificati-
Purification step ml activity, quantity, mg activity, % on degree
U/mg protein
Mitochondrial fraction 2.0 2.60 51.2 0.050 100 1
Fractionation with (NH,),SO,, 35-65% 4.8 2.10 20.0 0.105 81 2.1
Gel filtration on Sephadex G-25 10.0 1.05 6.3 0.167 40 3.3
Chromatography on DEAE-Toyopearl 7.5 0.64 0.307 2.09 25 41.7
Gel filtration on Toyopearl HW-65 5.0 0.38 0.062 6.13 15 123
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Fig. 2. Electrophoregrams of aconitate hydratase from rat
hepatocytes: 1) cytoplasmic AH; II) mitochondrial AH; A, B)
universal staining with amido black 10B; C) specific staining;
P) protein band; F) front of bromophenol blue; the arrow indi-
cates the direction of protein migration during electrophoresis.

and 84 kD for the cytoplasmic and mitochondrial aconi-
tase isoforms, respectively. Both enzymes are homod-
imers: the electrophoresis in the presence of SDS showed
that the molecular weights of the subunits of the mito-
chondrial and the cytoplasmic AH were 45 and 41 kD,
respectively (Fig. 3). It was demonstrated earlier that AH
from pig heart is a dimeric enzyme with molecular weight
of 89 kD [18]. Both monomeric and dimeric AH forms
have been found in plants with molecular weights
104.5 kD for pea, 106 kD for sunflower, and 102 kD for
maize [15]. The molecular weights of the two isoenzymes
from Bacillus cereus were 160 and 80 kD. The mitochon-
drial AH isoform from FE. coli has molecular weight of
about 83 kD [16].

The study of the kinetic and regulatory properties of
AH showed that the enzyme functions according to
Michaelis—Menten kinetics. The K|, values for citrate,
isocitrate, and cis-aconitate for the cytoplasmic and
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Fig. 3. Assessment of the aconitate hydratase molecular weight
by SDS-PAGE. On the right: cellulase, BSA, ovalbumin, car-
boanhydrase, lysozyme; on the left: cytoplasmic (B) and mito-
chondrial (A) AH isoforms.

mitochondrial AH isoforms from hepatocytes of starving
rats are presented in Table 3. The catalytic constant (k)
for the mitochondrial AH isoform was 4.5-fold smaller
than for the cytosolic enzyme. Analysis of the results
showed that the K, value was minimal for cis-aconitate.
The following buffered systems were used for the deter-
mination of the pH optimum: Tris-HCI, NaH,PO,-
Na,HPO,. AH had the maximal activity in the pH inter-
val 6.8-8.0 (Table 3); for the cytosolic AH form the pH
optimum was shifted towards basic pH values in compar-
ison to the mitochondrial isoform.

The study of the influence of intermediates of cellu-
lar metabolism on the activity of the cytoplasmic and
mitochondrial AH isoforms from rat hepatocytes revealed
inhibition by malate, succinate, glyoxylate, oxaloacetate,
and fumarate. The K; values (with isocitrate as substrate)
calculated according to the method of Dixon [19] are
presented in Table 4. The K; values for glucose-1-phos-

Table 3. Several catalytic properties of aconitate hydratase isoforms from hepatocytes of starving rats (n = 6)

K., yM ke, U/mg pH optimum
Enzyme isoform
citrate isocitrate cis-aconitate citrate Tris-HC1 sodium phosphate
buffer buffer
Cytoplasmic 93.7£2.0 34.1+0.2 147+ 0.4 2.06 = 0.02 8.0+0.1 7.2x0.2
Mitochondrial 243+ 1.4 11.4+0.2 42+0.1 0.45+0.01 74+0.1 6.8 0.1
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phate and glucose-6-phosphate were 1.9 and 2.35 mM for
the cytoplasmic and 0.81 and 1.14 mM for the mitochon-
drial isoform (Fig. 4). The inhibitory effect on AH activ-
ity was not detected in all experiments when malonate, 2-
oxyglutarate, and glycolate were used. The incubation of
the isoenzymes with such amino acids as serine, glycine,
and aspartic and glutamic acids did not induce any signif-
icant change in the enzymatic activity.

1/v, mi/U

1/v, ml/U

1.5 +

[, mM

799

Study of the influence of hydrogen peroxide on the
isoforms of the animal aconitase showed 90-95% inhibi-
tion with peroxide concentration 2.3 mM for the cyto-
plasmic and 1.5 mM for the mitochondrial AH isoforms
(Fig. 5). The possible mechanism of inhibition could be
the presence in the active center of AH isoforms of Fe-S
clusters that are destroyed in the presence of H,0, [20,
21].

1/v, mi/U

1/v, ml/U

15T

1.0 4

Fig. 4. Measurement of the inhibition constant of cytoplasmic (A) and mitochondrial (B) forms of aconitate hydratase from rat hepatocytes
for glucose-1-phosphate (a) and glucose-6-phosphate (b). Isocitrate concentration (mM): 1) 4; 2) 2.
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Table 4. Values of inhibition constants (K;, mM) of aconi-
tate hydratase activity (from rat hepatocytes) by the
intermediates of cellular metabolism (n = 6)

Enzyme isoform
Metabolite

cytoplasmic mitochondrial
Trans-aconitate 3.41 £ 0.15 1.37 £ 0.05
Succinate 0.61 £ 0.01 0.33 £ 0.01
Glyoxylate 0.42 £ 0.01 0.14 = 0.003
Oxaloacetate 2.80 £0.07 1.03 £0.02
Malate 1.81 £0.03 2.94 £ 0.07
Fumarate 0.51 £0.01 0.40 £ 0.01
Glucose-1-phosphate 1.90 = 0.03 2.35+£0.06
Glucose-6-phosphate 0.81 £ 0.01 1.14 £ 0.02

The study of the influence of Fe?" demonstrated that
at FeCl, concentration 0.1-1 mM and cysteine 0.05-
0.5 mM both enzyme forms were activated (Fig. 6). The
indicated concentrations of Fe?" and cysteine were cho-
sen because these substances activated AH from other
sources in these concentration ranges [22, 23]. The AH
activity increased 2-4-fold in the presence of both Fe?"
and cysteine.

124 a
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> 41
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[H20,], mM

Fig. 5. Dependence of the activity of cytoplasmic (a) and mito-
chondrial (b) isoforms of aconitate hydratase from rat hepato-
cytes on hydrogen peroxide concentration (isocitrate concen-
tration, 2 mM) (n = 6).
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DISCUSSION

New metabolic demands arise for an organism under
stress conditions. Quantitative and qualitative changes in
the cellular enzymatic systems could be necessary for
their satisfaction depending on the strength and type of
the external effects. Adaptive changes include alteration
of the regulatory mechanisms of the metabolic pathways
leading to the variation of the isoenzymatic spectrum or
of the catalytic properties of the existing enzymes [24].

The increase in the activities of the cytoplasmic and
mitochondrial AH isoforms during starvation shown in
this study provides evidence for the acceleration of meta-
bolic processes that are linked to this enzyme. The mito-
chondrial AH form mainly supports the functioning of
the citric acid cycle. Activation of the mitochondrial
oxidative processes apparently plays the key role in pro-
viding energy for the cell under stress conditions when an
organism consumes more energy for biosynthesis and
maintaining of homeostasis [24].

The cytoplasmic AH form may play two roles. First,
the conversion of citrate into isocitrate provides the sub-
strate for NADP-dependent isocitrate dehydrogenase
and the following formation of glutamate [4]. Second, the
induction of the cytosolic aconitase may ensure the
induction of the enzymes of the glyoxylate cycle in hepa-
tocytes during food deprivation. We have observed earlier
the appearance of the activities of isocitrate lyase and
malate synthase together with the increase in the activity
of the peroxysomal malate dehydrogenase in rat hepato-
cytes during food deprivation and experimentally induced

20 1

18 1

16 1

U/mg

14 -

12+

10

0 0.2 0.4 0.6 0.8 1.0
[Fe**], mM

Fig. 6. Influence of Fe?" and cysteine on the activity of cyto-
plasmic (/) and mitochondrial (2) isoforms of aconitate
hydratase from the liver of starving rats (isocitrate concentra-
tion, 2 mM; cysteine concentration, 0.1 mM + ([Fe*']/
2.2) mM (n = 6).
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diabetes [3, 25, 26]. The increase in the activities of
aconitase (demonstrated in this study) and citrate syn-
thase is also necessary for the full functioning of the gly-
oxylate cycle.

The isolation of the homogenous mitochondrial and
cytoplasmic forms of the enzyme allowed the study of
their catalytic and regulatory properties and their com-
parison with the properties of the enzymes from the other
sources [4]. The resulting preparations of aconitase were
similar to the enzyme isolated earlier from tissues of nor-
mal animals in the specific activity of the electrophoreti-
cally homogenous preparations, the values of Michaelis
constants, and pH optima of the activities [10, 14]. These
data demonstrate that the change in the total AH activity
during starvation was due mainly to the increase in the
enzyme quantity.

It was shown that aconitase from hepatocytes of
starving rats can be inhibited by organic acids like malate,
succinate, glyoxylate, oxaloacetate, trans-aconitate,
fumarate, the resistance to these intermediates being sig-
nificantly higher for the cytosolic form of the enzyme.
Glyoxylate, succinate, and fumarate are the most effi-
cient inhibitors of the mitochondrial AH. The accumula-
tion of the two last intermediates of the citric acid cycle
may be due to the inhibition of the succinate dehydroge-
nase and fumarate hydratase, or to the activation of the
dicarboxylate carrier that transports succinate. The latter
is synthesized in peroxysomes in the glyoxylate cycle [3].
In this case the inhibition of aconitase allows the utiliza-
tion of dicarboxylic acids for the gluconeogenetic
processes. The cytosolic enzyme form was also more
resistant during storage and against hydrogen peroxide
that destroyed the Fe-S clusters of the enzyme.

Thus, we demonstrated in this study the induction of
both cytoplasmic and mitochondrial AH isoforms in
hepatocytes during food deprivation. These isoforms were
isolated and their kinetic properties and regulatory path-
ways were determined.
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