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The tricarboxylate carrier from eel liver mitochondria was purified by chromatography on
hydroxyapatite and Matrix Gel Blue B and reconstituted into liposomes by removal of the
detergent with Amberlite. Optimal transport activity was obtained by using a phospholipid
concentration of 11.5 mg/ml, a Triton X-l14/phospholipid ratio of 0.9, and ten passages through
the same Amberlite column. The activity of the carrier was influenced by the phospholipid
composition of the liposomes, being increased by cardiolipin and phosphatidylethanolamine
and decreased by phosphatidylinositol. The reconstituted tricarboxylate carrier catalyzed a
first-order reaction of citrate/citrate or citrate/malate exchange. The maximum transport rate
of external [l4C]citrate was 9.0 mmol/min per g of tricarboxylate carrier protein at 25 D C and
this value was virtually independent of the type of substrate present in the external or internal
space of the liposomes. The half-saturation constant (Km) was 62 UM for citrate and 541 UM
for malate. The activation energy of the citrate/citrate exchange reaction was 74 kJ/mol from
5 to 19°C and 31 kJ/mol from 19 to 35°C. The rate of the exchange had an external pH
optimum of 8.

INTRODUCTION

The inner membrane of liver mitochondria con-
tains a specific transport system, known as the tricar-
boxylate (or citrate) carrier, which catalyzes the efflux
of citrate from the mitochondria in exchange for a
tricarboxylate, a dicarboxylate (malate) or phospho-
enolpyruvate (for reviews, see Refs. 1 and 2). Because
of its metabolic importance,(3-6) the tricarboxylate car-
rier from higher eukaryotic cells has been extensively
studied.(7-13) The transporter has been purified,(14-16)

functionally characterized after reconstitution into
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liposomes,(14-18) cloned,(l9) and overexpressed.(20) The
amino acid sequence of the carrier from different mam-
mals (l9,21,22) demonstrates that it belongs to the carrier
protein family of the mitochondrial inner membrane
(for reviews, see Refs. 23 and 24). The tricarboxylate
carrier is asymmetrically inserted in the membrane and
its N- and C-termini are exposed at the cytoplasmic
side of the membrane.(25) Only one gene for this trans-
porter has been detected in man and cow,(22) of which
the human one has been localized to chromosome
22qll within a region implicated in DiGeorge syn-
drome, velo-cardio-facial syndrome, and schizophre-
nia (26) functionally, the tricarboxylate carrier catalyzes
a strict 1 : 1 exchange of substrates and the substrate
exchange follows Michaelis-Menten kinetics.(7) The
citrate/malate exchange is electroneutral because the
carrier accepts solely the single protonated form of
citrate (H-citrate2-) and the unprotonated form of
malate (malate2-).(18) The carrier is inhibited by imper-
meable substrate analog such as 1,2,3-benzenetricar-
boxylate, as well as by sulfydryl reagents, but not by
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N-ethylmaleimide.(7,9) Similarly to the majority of the
mitochondrial metabolite carriers (for reviews, see
Refs. 23 and 27), the tricarboxylate carrier functions
according to a simultaneous (sequential) reaction
mechanism. ( 1 8 ) Furthermore, the activity of the tricar-
boxylate carrier, which is high in liver and virtually
absent in heart and brain,(28,29) is affected by hormonal
and nutritional factors, being reduced in diabetes melli-
tus (30) and in starved animals (3I) and stimulated in
hyperthyroidism.(32)

In contrast to the situation with higher eukaryotic
cells, very little is known about the tricarboxylate car-
rier in fish, although lipogenesis is particularly
important in these animals because of the role played
by lipids in environmental adaptation.(33) Recently, the
tricarboxylate carrier, which is the only mitochondrial
carrier protein so far investigated in fish, has been
purified to homogeneity from eel (Anguilla anguilld)
liver mitochondria. (34) Upon SDS gel electrophoresis,
the purified carrier from eel consisted of a single poly-
peptide with an apparent molecular mass of 30.4
kDa.(34) After incorporation into liposomes, the puri-
fied protein has been functionally identified as the
tricarboxylate carrier for its requirement for a count-
eranion, as well as its substrate specificity and inhibitor
sensitivity, which are both similar to those of the tricar-
boxylate carrier, as characterized in rat liver mitochon-
dria. The kinetic properties of the eel tricarboxylate
carrier have not yet been characterized either in intact
mitochondria or in the reconstituted system with the
purified protein. In this paper, we describe the condi-
tions for optimal reconstitution of the tricarboxylate
carrier purified from eel liver mitochondria. In addi-
tion, the values of transport rate and related kinetic
parameters of uptake of citrate and malate by reconsti-
tuted liposomes loaded with citrate or malate have
been determined.

MATERIALS AND METHODS

Materials

Hydroxyapatite (Bio-Gel HTP) and Bio-Rad Pro-
tein Assay were purchased from Bio-Rad; Matrex Gel
Blue B was obtained from Amicon; Amberlite XAD-
2, Dowex AG1-X8, Sephadex G-75, Pipes, Triton
X-100, Triton X-l14, bovine heart cardiolipin, bovine
liver phosphatidylethanolamine, bovine liver phospha-
tidylinositol, bovine brain phosphatidylserine, syn-

thetic dioleylphosphatidylcholine, synthetic dipalmi-
toylphosphatidylcholine, and synthetic distearylphos-
phatidylcholine from Sigma; [l,5-14C]citrate and L-[U-
l4C]malate from Amersham International (Amersham,
U.K.); and egg yolk phospholipids (EYPL; phosphati-
dylcholine from eggs) from Fluka. All other reagents
were of analytical grade.

Isolation and Reconstitution of the
Tricarboxylate Carrier

Silver eels (Anguilla anguilla) (200-300 g) were
purchased from sea-water aquaria and liver mitochon-
dria were prepared as previously described.(35) The
tricarboxylate carrier was purified from eel liver mito-
chondria according to Zara et al.(34) The purified carrier
protein was reconstituted into liposomes by cyclic
removal of the detergent with a hydrophobic col-
umn.(36) The composition of the initial mixture used for
reconstitution was: 40 Ul of the purified tricarboxylate
carrier (about 0.25 Ug protein), 70 Ul of 10% Triton
X-l14, 80 U1 of 10% egg yolk phospholipids in the
form of sonicated liposomes, 10 mM citrate or malate,
and 10 mM Pipes (pH 7.0) in a final volume of 700
Ul. After vortexing, this mixture was recycled ten times
through an Amberlite column (0.5 X 5 cm) preequili-
brated with a buffer containing 10 mM Pipes and the
substrate present in the starting mixture at the same
concentration.

Transport Measurements

The external substrate was removed by chroma-
tography on a Sephadex G-75 column (0.8 X 15 cm)
preequilibrated with 50 mM NaCl and 10 mM Pipes
(pH 7.0). The first 600 Ul of the turbid eluate from
the Sephadex column were collected and distributed
in reaction vessels (180 Ul each). Transport was initi-
ated by the addition of [l4C]citrate or [l4C]malate at the
indicated concentrations and stopped, after the desired
time, by adding 20 mM 1,2,3-benzenetricarboxylate.
In control samples, the inhibitor was added together
with the labeled substrate. The assay temperature was
25°C. The external radioactivity was removed by pass-
ing each sample of proteoliposomes (180 Ul) through
a Dowex AG1-X8 column, 100-200 mesh, chloride
form. The proteoliposomes eluted with 1 ml of 50 mM
NaCl were collected in 4 ml of scintillation mixture,
vortexed, and counted. The experimental values were
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corrected by subtracting the respective control value.
Km and Vmax values were determined by a computer-
fitting program based on linear regression analysis.

Other Methods

Since the purified tricarboxylate carrier is overes-
timated by the Lowry method modified for the pres-
ence of Triton (37> because of the presence of
cardiolipin, protein was determined from Coomassie
Blue-stained SDS-PAGE gels with an LKB 2202
Ultroscan laser densitometer, with bovine serum albu-
min as protein standard. The samples used for protein
determination were subjected to TCA precipitation,
washed with acetone, and redissolved in 1% SDS. The
internal volume of total liposomes (i.e., liposomes with
and without incorporated carrier protein) was deter-
mined as previously described.'38'

RESULTS

Optimal Conditions of Reconstitution

In order to accurately determine the kinetic
parameters of the tricarboxylate carrier purified from
eel liver mitochondria, we first optimized the reconsti-
tution procedure by adjusting the parameters that influ-
ence the efficiency of carrier incorporation into
liposomes. In these experiments three criteria describ-
ing the state of the reconstituted protein and/or the
liposomes were analyzed: (a) the initial citrate/citrate
exchange rate, which gives information on the specific
activity of the carrier, (b) the total exchange, i.e., the
amount of labeled substrate taken up after reaching
equilibrium (90 min after addition of label), that is
correlated to the number (and/or size) of the liposomes
loaded with active earner, and (c) the intraliposomal
volume.

In Fig. 1, the influence of the lipid concentration
and of the detergent/lipid ratio on the reconstituted
citrate/citrate exchange is shown. Both the exchange
rate and the total exchange increased on raising the
lipid concentration and the detergent/phospholipid
ratio, reaching their maximum at 11.5 mg
phospholipid/ml and a detergent/phospholipid ratio of
0.9. Above these values the activity decreased, whereas
the total liposomal volume remained virtually constant
up to 20 mg phospholipid/ml and up to a detergent/

Fig. 1. Dependence of the efficiency of reconstitution of the eel
tricarboxylate carrier on the phospholipid concentration (A) and
on the detergent/phospholipid ratio (B). The proteoliposomes were
prepared as described in Materials and Methods except that increas-
ing concentrations of phospholipids (A) or increasing concentra-
tions of Triton X-114 (B) were used. [l4C]Citrate (0.1 mA/) was
added to proteoliposomes which contained 10 mM citrate. The
exchange rate measured after I min of incubation with the labeled
substrate (•), the total exchange calculated from the exchange
equilibrium after 90 min of incubation with the labeled substrate
(o) and the internal volume (n) were determined as described in
the Materials and Methods Section.

lipid ratio of 1.4. The citrate/citrate exchange rate and
the total exchange were also strongly influenced by
the number of passages through Amberlite showing
an optimum after nine to ten passages (Fig. 2). The
internal volume, however, remained approximately the
same from four to thirteen passages. In other experi-
ments (not shown), it was found that both the transport
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Fig. 2. Dependence of the efficiency of reconstitution of the eel
tricarboxylate carrier on the number of the Amberlite column pas-
sages. The proteoliposomes were prepared as described in Materials
and Methods except that the number of passages through the same
Amberlite column was varied as indicated. [l4C]Citrate (0.1 mM)
was added to proteoliposomes which contained 10 mM citrate.
The exchange rate measured after 1 min ( ), the total exchange
calculated from the exchange equilibrium after 90 min (cr), and the
internal volume ( ) were determined as described in the Materials
and Methods Section.

rate and the total transport increased linearly with pro-
tein concentration up to 0.8 (Ug/ml of purified protein.
On the basis of these findings, in the subsequent experi-
ments a lipid concentration of 11.5 mg/ml, a detergent/
phospholipid ratio of 0.9, a protein concentration
below 0.8 Ug/ml, and ten Amberlite column passages
were used.

Lipids have been reported to modulate the activity
of mammalian mitochondrial transporters.(39-42) The
influence of various phospholipids on the activity of
the eel tricarboxylate carrier when added to EYPL (egg
yolk phospholipids) during reconstitution is shown in
Fig. 3. In these experiments, the effect of lipids has
been investigated using the enriched carrier prepara-
tion obtained after the hydroxyapatite chromatography
step, since cardiolipin is needed for the elution of the
carrier from Matrex Gel Blue B and is, therefore,
always present in the purified preparation of the eel
tricarboxylate carrier (see Ref. 34). As shown in Fig.
3A, both cardiolipin and phosphatidylethanolamine, at
a concentration of 5%, markedly increased the rate of
citrate exchange (+70 and +50%, respectively) in
comparison to the exchange rate measured in the pres-
ence of EYPL alone. Interestingly, the total exchange
was less stimulated by these phospholipids, i.e., +34
and +19% for cardiolipin and phosphatidylethanola-
mine, respectively. Moreover, the percentage increase

Fig. 3. Dependence of the reconstituted citrate/citrate exchange
activity on the phospholipid composition of liposomes. Reconstitu-
tion was performed with the hydroxyapatite eluate, instead of puri-
fied tricarboxylate carrier, and with liposomes prepared from EYPL
(phosphatidylcholine from egg yolk, Fluka) (control) or a mixture
of EYPL and the indicated phospholipids present at a concentration
of 5% (A) or 15% (B). Abbreviations: C, control; DPG, cardiolipin;
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phos-
phatidylserine; DOPC, dioleylphosphatidylcholine; DPPC, dipalmi-
toylphosphatidylcholine; DSPC, distearylphosphatidylcholine.
[14C]Citrate (0.5 mM) was added to proteoliposomes preloaded
with 10 mM citrate. The exchange rate and the total exchange in
proteoliposomes prepared with EYPL alone (C) were 127 nmol/
min X mg protein and 2447 nmol/mg protein, respectively. The
internal volume of these proteoliposomes was 2.5 Ul/mg phospho-
lipid. All these values were set to 100 in the control sample (C).

in the internal volume was comparable to that in the
total exchange. In the presence of a higher concentra-
tion of cardiolipin and phosphatidylethanolamine
(15%; Fig. 3, panel B), only the specific activity of
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the tricarboxylate carrier was stimulated, while the
total activity was virtually unaffected. Under these
conditions, a marked increase in the intraliposomal
volume was also found. The finding that 5% cardio-
lipin or 5% phosphatidylethanolamine increases the
exchange rate more than the total exchange indicates
that the stimulatory effect of these two phospholipids
is due to a direct activation of the incorporated protein
more than to an increased incorporation of carrier pro-
tein. This interpretation is supported by the fact that
at higher concentrations (15%) of cardiolipin and
phosphatidylethanolamine, the exchange rate was
increased, but the total exchange was almost unaf-
fected, whereas the internal volume was increased,
which indicates not only an activation of the
incorporated protein, but also a negative influence of
cardiolipin and phosphatidylethanolamine on the
incorporation of the eel tricarboxylate carrier into lipo-
somes. Figure 3 also shows that phosphatidylinositol
and phosphatidylserine, particularly at a concentration
of 15%, decreased both the exchange rate and the total
exchange of the eel liver tricarboxylate carrier. On
the other hand, the phosphatidylcholines tested,
i.e., dioleylphosphatidylcholine, dipalmitoylphospha-
tidylcholine and distearylphosphatidylcholine, did not
significantly influence the exchange rate and the total
exchange of the eel liver tricarboxylate carrier even
at 15% (Fig. 3B).

Reaction Order, Temperature, and pH
Dependence of Citrate Transport

Figure 4A shows the time course of 0.1 mM
[14C]citrate uptake by proteoliposomes containing
either citrate or malate. The curves of Fig. 4A represent
an exponential approach to isotopic equilibrium as
demonstrated by the straight lines reported in Fig. 4B,
where the natural logarithm of the fraction of equilib-
rium citratemax/(citratemax-citratet) is plotted against
time.(43) This means that both citrate/citrate and citrate/
malate exchange reactions follow a first-order kinetics.
The first-order rate constants, k, extrapolated from the
slope of the logarithmic plots, were 0.063 m i n - 1 for
the citrate/citrate exchange and 0.049 min-1 for the
citrate/malate exchange. The initial rate of citrate
uptake, calculated as the product of k and the intralipo-
somal citrate at equilibrium, was 3.75 mmol/min per
g protein at 25°C in the case of the citrate/citrate
exchange and 2.62 mmol/min per g protein in the case
of the citrate/malate exchange. This difference can be

explained by taking into account the different affinities
of malate and citrate to the carrier (see below). In
order to determine the initial rate accurately, further
experiments were performed in which several kinetic
measurements were carried out within the first minutes
(not shown). From these experiments it was concluded
that citrate uptake increased linearly with time for
about 3 min in citrate-loaded liposomes and for only
about 1 min in malate-loaded liposomes.

The temperature dependence of the reconstituted
citrate/citrate exchange activity of the carrier is pre-
sented in Fig. 5 in the range from 5 to 35°C. The
Arrhenius plot shows two linear ranges with different
slopes. The break occurred at 19°C. The activation
energies, as derived from the slopes, were 74.3 and
30.7 kJ/mol between 5 and 19°C and 19 and 35 D C,
respectively.

In Fig. 6, the effect of the external pH on the rate
of citrate/citrate exchange is shown. In the presence
of a nearly saturating concentration of external citrate
(0.5 mM), high transport rates were obtained in the
range between pH 6.5 and 8.5. The pH optimum was
reproducibly found to be pH 8. At pH values lower
than 6.5 and higher than 8.5, the rate of citrate transport
decreased markedly.

Km and Vmax Values of Citrate and Malate
Transport

The dependence on substrate concentration of the
rate of eel tricarboxylate carrier was studied by chang-
ing the concentration of external [14C]citrate or
[l4C]malate at a constant internal concentration of 10
mM citrate or malate. Table I reports mean values and
standard errors of Km and Vmax for the uptake of citrate
and malate in citrate-loaded or malate-loaded lipo-
somes. It should be noted that the standard error of the
Vmax values was rather high when comparing different
experiments, presumably due to variations in the
amount of active carrier molecules present in each
preparation of the purified carrier. Nevertheless, the
Vmax values for the two substrates as compared in one
experiment were not significantly different. The results
of Table I show that, in the presence of external citrate
or malate, the Vmax value is independent of the type
of substrate, whereas the Km is about tenfold higher
for malate than for citrate. Furthermore, virtually the
same Km and Vmax values for external [l4C]citrate were
found when the rate of citrate uptake was measured
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Fig. 4. Time course of the citrate/citrate exchange and citrate/malate exchange in reconstituted liposomes. (A) [l4C]Citrate (0.1 mM)
was added to proteoliposomes which contained 10 mM citrate (•) or 10 mM malate (o). (B) Logarithmic plots of In Cm/(Cra — Cf)
where Cm is the maximum citrate exchange/g protein and C, is the citrate exchange at time t, according to the relation In Cm/(Cm -
C,) = kr. The amount of citrate taken up after reaching equilibrium was measured after 120 min; it was 59.6 and 53.4 mmol/g protein
for the citrate/citrate exchange and the citrate/malate exchange, respectively.
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Fig. 5. Temperature dependence of the rate of the reconstituted
citrate/citrate exchange. [l4C]Citrate (0.1 mM) was added to proteo-
liposomes, which contained 10 mM citrate and were incubated at
the indicated temperatures. The exchange activity, V, is expressed
in nmol/min X mg protein. The means ± S.D. of four experiments
are reported.

was analyzed in the presence of different substrate
concentrations. 1,2,3-Benzenetricarboxylate and other
tricarboxylates, succinate and malonate, as well as
phosphoenolpyruvate were all identified as competi-
tive inhibitors, since they were found to increase the
apparent Km without changing the Vmax of the citrate/
citrate exchange. The inhibition constants, Ki, are sum-
marized in Table II.

in proteoliposomes containing a constant internal con-
centration (10 mM) of either citrate or malate.

The inhibition of the rate of [l4C]citrate uptake in
citrate-loaded proteoliposomes by various compounds

DISCUSSION

In a previous paper(34) we characterized the puri-
fied and reconstituted tricarboxylate carrier from eel
liver with respect to substrate specificity and inhibitor
sensitivity. In this study, we first optimized the recon-
stitution procedure of the eel tricarboxylate carrier in
order to obtain a reliable basis for the determination
of the kinetic data of this transport protein. To this

Fig. 6. pH dependence of the rate of reconstituted citrate/citrate
exchange. [l4C]Citrate (0.5 mM) was added to proteoliposomes
which contained 10 mM citrate and were incubated at the indicated
pH values. The data represent the means of four different
experiments.

Table I. Km and Kmax Values for the Uptake of Citrate and
Malate in Reconstituted Liposomesa

Substrate

Citrate
Citrate
Malate

Internal
substrate

Citrate
Malate
Citrate

Km

(UM)

62 ± 5
68 ±4

541 ± 75

VV max

(mmol/min
X g protein)

9.0 ± 0.7
7.3 ± 0.5
8.3 ± 0.8

No.
expt.

10
6
7

a [l4C]Citrate, 0.0125-0.25 mM, or [l4C]malate, 0.1-1.5 mM, was
added to proteoliposomes containing either 10 mM citrate or 10
mM malate. The values given in the table represent the means ±
S.E. of six to ten experiments.

Table II. Ki Values for Substrate Analogs Competing with
Citrate for the Exchange Reaction"

Inhibitor

cis-Aconitate
threo-Ds-Isocitrate
1 ,2,3-Benzenetricarboxylate
Phosphoenolpyruvate
Succinate
Malonate

Ki (mM)

0.034
0.056
0.015
0.155
3.2
5.8

a The Ki values were calculated from double reciprocal plots of the
rate of the [14C]citrate/citrate exchange versus substrate concentra-
tions. Conditions as in Table I. The competing substrate analogs
were added simultaneously with [l4C]citrate at the appropriate
concentrations. The data represent the means of three different
experiments.
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end, we used a method of reconstitution based on a
cyclic removal of the detergent by chromatography on
Amberlite,(36) which results in higher transport activi-
ties and larger proteoliposomes than those obtained
by the freeze-thaw sonication procedure. The results
reported above show that the relative amount of the
components of the reconstitution mixture, i.e., deter-
gent, protein, and phospholipids, and the number of
passages through the Amberlite column markedly
influence the efficiency of reconstitution of the purified
eel tricarboxylate carrier protein. Optimal activity of
the eel tricarboxylate carrier was obtained with nine
to ten passages through Amberlite, a number which is
considerably lower than that found for the rat liver
tricarboxylate carrier(17) and other mitochondrial carri-
ers.(44-46) The detergent/phospholipid ratio, which had
to be present initially in the reconstitution mixture for
optimal conditions, was, however, about the same as
that observed for the rat liver tricarboxylate carrier,(17)

the oxoglutarate carrier,(47) and the dicarboxylate car-
rier,(48) and definitely lower than the values obtained
with other mitochondrial transporters.(44,45)

Under optimal conditions, a Vmax value of 9 mmol/
min per g protein was measured at 25 D C. This value
is four- to fivefold higher than that reported for the
tricarboxylate carrier purified from rat liver(17) and
even more than the value reported for the same carrier
from bovine liver.(16) The high activity of the eel liver
tricarboxylate carrier is in agreement with the higher
rate of lipogenesis measured in the liver of the fish
with respect to that determined in the liver of mam-
mals.(49) The turnover number, calculated by assuming
a pure isolated protein monomer of 30.4 kDa, corre-
sponds to 304 m i n - 1 . It is approximately the same as
that found for the reconstituted dicarboxylate, oxoglu-
tarate, and ADP/ATP carrier(48,50,51) but definitely
lower than that of the phosphate carrier(52) and higher
than that of the tricarboxylate, carnitine, and ornithine
carrier from rat liver.(17,44,45) The half-saturation con-
stants of citrate (62 UM) and malate (541 UM) for the
eel tricarboxylate carrier are lower than those deter-
mined for the tricarboxylate carrier isolated from rat
liver.(17) Similarly, the Ki values evaluated from compe-
tition experiments (Table II) show that the affinities
of the eel tricarboxylate carrier for cis-aconitate, isoci-
trate, 1,2,3-benzenetricarboxylate and phosphoenol-
pyruvate are higher than those of the rat liver
tricarboxylate carrier. On the contrary, the affinities of
the eel tricarboxylate carrier for succinate and malo-
nate are remarkably lower than those of the rat liver
tricarboxylate carrier. Another major kinetic difference

between the eel and the rat tricarboxylate carrier is
demonstrated by the finding that the temperature
dependence of the former, but not of the latter,(17)

shows a definite break point at 19°C. The activity of
the purified eel liver tricarboxylate carrier is influenced
by the lipid composition of the liposomes (Fig. 3). In
particular, cardiolipin and phosphatidylethanolamine
were found to increase the activity of the eel tricarbox-
ylate carrier, whereas phosphatidylinositol and phos-
phatidylserine were found to decrease it. The
stimulatory effect by phosphatidylethanolamine on the
activity of the eel tricarboxylate carrier appears to be
rather characteristic. First, phosphatidylethanolamine
does not share its effect with any of the phosphatidyl-
cholines that were tested. Second, phosphatidyl-
ethanolamine does not have any effect on the activity
of the rat liver tricarboxylate carrier(17) or on that of
any other mitochondrial carrier investigated so
far (44,45,48) The effect of cardiolipin on the eel tricar-
boxylate carrier also requires some comment. With
the exception of the dicarboxylate and oxoglutarate
carriers, that are inhibited by cardiolipin,(48,50) this
phospholipid is known to enhance the activity of the
mitochondrial carriers.(38,40,44,45) However, the activity
of most carriers was enhanced not only by cardiolipin
but also by two other acidic phospholipids, namely
phosphatidylinositol and phosphatidylserine. This
behavior, which has also been shown for the rat tricar-
boxylate carrier,(17) contrasts markedly with the stimu-
lation of the eel tricarboxylate carrier by cardiolipin
and its inhibition by phosphatidylinositol and phospha-
tidylserine. The observed inhibitory effects exerted in
vitro by the latter two phospholipids are consistent with
the fact that their content in the inner mitochondrial
membrane of eel liver is considerably lower than in
the inner membrane of rat liver mitochondria (V. Zara
and V. Gnoni, personal communication). In summary,
the influence of phospholipids on the activity of the
eel tricarboxylate carrier is quite different from that
previously found for the tricarboxylate carrier of rat
liver mitochondria.(17) This striking behavior may be
due to differences in the primary structure of the eel
citrate carrier and to the different lipidic microenviron-
ment that surrounds the carrier protein in the fish inner
mitochondrial membrane.

REFERENCES

1. LaNoue, K. F., and Schoolwerth, A. C. (1979). Annu. Rev.
Biochem. 48, 871-922.



Kinetics of Reconstituted Eel Tricarboxylate Carrier 563

2. Kramer, R., and Palmieri, F. (1992). In Molecular Mechanisms
in Bioenergetics (Ernster, L., ed.), Elsevier, Amsterdam, pp.
359-384.

3. Watson, J. A., and Lowenstein, J. M. (1970). J. Biol. Chem.
245, 5993-6002.

4. Endemann, G., Goetz, P. G., Edmond, J., and Brunengraber,
H. (1982). J. Biol. Chem. 257, 3434-3440.

5. Brunengraber, H., and Lowenstein, J. M. (1973). FEBS Lett.
36, 130-132.

6. Conover, T. E. (1987). Trends Biochem. Sci. 12, 88-89.
7. Palmieri, F., Stipani, 1., Quagliariello, E., and Klingenberg, M.

(1972). Eur. J. Biochem. 26, 587-594.
8. Robinson, B. H., Williams, G. R., Halperin, M. L., and Leznoff,

C. C. (1971). J. Biol. Chem. 246, 5280-5286.
9. Quagliariello, E., and Palmieri, F. (1972). In Biochemistry and

Biophysics of Mitochondrial Membranes (Azzone, G. F., Cara-
foli, E., Lehninger, A. L., Quagliariello, E., and Siliprandi, N.,
eds.), Academic Press, New York, pp. 659-680.

10. Robinson, B. H. (1971). FEBS Lett. 14, 309-312.
11. McGivan, J. D., and Klingenberg, M. (1971). Eur. J. Biochem.

20, 392-399.
12. Papa, S., Lofrumento, N. E., Kanduc, D., Paradies, G., and

Quagliariello, E. (1971). Eur. J. Biochem. 22, 134-143.
13. Kaplan, R. S., Morris, H. P., and Coleman, P. S. (1982). Cancer

Res. 42, 4399-4407.
14. Bisaccia, F., De Palma, A., and Palmieri, F. (1989). Biochim.

Biophys. Acta 977, 171-176.
15. Kaplan, R. S., Mayor, J. A., Johnston, N., and Oliveira, D. L.

(1990). J. Biol. Chem. 265, 13379-13385.
16. Claeys, D., and Azzi, A. (1989). J. Biol. Chem. 264,

14627-14630.
17. Bisaccia, F., De Palma, A., Prezioso, G., and Palmieri, F. (1990).

Biochim. Biophys. Acta 1019, 250-256.
18. Bisaccia, F., De Palma, A., Dierks, T., Kramer, R., and Palmieri,

F. (1993). Biochim. Biophys. Acta 1142, 139-145.
19. Kaplan, R. S., Mayor, J. A., and Wood, D. O. (1993). J. Biol.

Chem. 268, 13682-13690.
20. Yu, Y., Mayor, J. A., Gremse, D., Wood, D. O., and Kaplan,

R. S. (1995). Biochem. Biophys. Res. Commun. 207, 783-789.
21. lacobazzi, V., De Palma, A., and Palmieri, F. (1996). Biochim.

Biophys. Acta 1284, 9-12.
22. lacobazzi, V., Lauria, G., and Palmieri, F. (1997). DNA

Sequence 7, 127-139.
23. Palmieri, F. (1994). FEBS Lett. 346, 48-54.
24. Palmieri, F., and van Ommen, B. (1997). In Frontiers of Cellu-

lar Bioenergetics: Molecular Biology, Biochemistry, and Physi-
opathology (Papa, S., Tager, J. M., and Guerrieri, F., eds.),
Plenum, New York, in press.

25. Capobianco, L., Bisaccia, F., Michel, A., Sluse, F. E., and
Palmieri, F. (1995). FEBS Lett. 357, 297-300.

26. Stoffel, M., Karayiorgou, M., Espinosa R., III, and Le Beau,
M. M. (1996). Hum. Genet. 98, 113-115.

27. Palmieri, F., Indiveri, C., Bisaccia, F., and Kramer, R. (1993).
J. Bioenerg. Biomembr. 25, 525-535.

28. Chappel, J. B. (1968). Brit. Med. Bull. 24, 150-157.
29. Sluse, F. E., Meijer, A. J., and Tager, J. M. (1971). FEBS Lett.

18, 149-151.
30. Kaplan, R. S., Oliveira, D. L., and Wilson, G. L. (1990). Arch.

Biochem. Biophys. 280, 181-191.
31. Zara, V. and Gnoni, G. V. (1995). Biochim. Biophys. Acta

1239, 33-38.
32. Paradies, G., and Ruggiero, F. M. (1990). Arch. Biochem. Bio-

phys. 278, 424-431.
33. Henderson, R. J., and Tocher, D. R. (1987). Progr. Lipid Res.

26, 281-347.
34. Zara, V., Iacobazzi, V., Siculella, L., Gnoni, G. V., and Palmieri,

F. (1996). Biochem. Biophys. Res. Commun. 223, 508-513.
35. De Pinto, V., Zara, V., Benz, R., Gnoni, G. V., and Palmieri,

F. (1991) Biochim. Biophys. Acta 1061, 279-286.
36. Palmieri, F., Indiveri, C., Bisaccia, F., and Iacobazzi, V. (1995).

Methods Enzymol. 260, 349-369.
37. Dulley, J. R., and Grieve, P. A. (1975). Anal. Biochem. 64,

136-141.
38. Kramer, R., and Heberger, C. (1986). Biochim. Biophys. Acta

863, 289-296.
39. Kramer, R., and Klingenberg, M. (1980). FEBS Lett. 119,

257-260.
40. Kadenbach, B., Mende, P., Kolbe, H. V. J., Stipani, I., and

Palmieri, F. (1982). FEBS Lett. 139, 109-112.
41. Stipani, I., and Palmieri, F. (1983). FEBS Lett. 161, 269-274.
42. Stipani, I., Prezioso, G., Zara, V., lacobazzi, V., and Genchi,

G. (1984). Bull, Mol. Biol. Med. 9, 193-201.
43. Kotyk, A., and Janacek, K. (1970). Cell Membrane Transport,

Plenum, New York, pp. 91-182 and 233-246.
44. Indiveri, C., Tonazzi, A., Prezioso, G., and Palmieri, F. (1991).

Biochim. Biophys. Acta 1065, 231-238.
45. Indiveri, C., Palmieri, L., and Palmieri, F. (1994). Biochim.

Biophys. Acta 1188, 293-301.
46. Stappen, R., and Kramer, R. (1993). Biochim. Biophys. Acta

1149, 40-48.
47. Indiveri, C., Dierks, T., Kramer, R., and Palmieri, F. (1991).

Eur. J. Biochem. 198, 339-347.
48. Indiveri, C., Capobianco, L., Kramer, R., and Palmieri, F.

(1989). Biochim. Biophys. Acta 977, 187-193.
49. Gnoni, G. V., and Muci, M. R. (1990). Comp. Biochem. Physiol.

95B, 153-158.
50. Indiveri, C., Palmieri, F., Bisaccia, F., and Kramer, R. (1987).

Biochim. Biophys. Acta 890, 310-318.
51. Kramer, R., and Klingenberg, M. (1979). Biochemistry 18,

4209-4215.
52. Stappen, R., and Kramer, R. (1994). J. Biol. Chem. 269,

11240-11246.


