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Increase in the adenine nucleotide translocase protein
contributes to the perinatal maturation of respiration
in rat liver mitochondria
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An assay based on the high-affinity binding of tritium-labelled atractyloside to the adenine nucleotide translocase (ANT) was
developed for estimation of its content in samples of mitochondria, cells and tissue homogenate. The assay was used to study the
developmental change of the ANT protein concentration in perinatal rat liver. Within the last 3 days before birth the content of
the ANT protein per mg tissue protein increased from 29 to 45% of the maximum value found 2 days after birth. A similar
developmental change of the ANT protein was found in isolated mitochondria, demonstrating that the perinatal increase in the
ANT protein content was due mainly to a mitochondrial differentiation process and not the result of an increase in the number
of mitochondria per cell. A close proportionality between the ANT protein and the ADP-stimulated respiration of liver
homogenate was found in the perinatal period from 3 days before to 2 days after birth. This finding suggests that the
developmental change in the ANT protein content plays an important role in the onset of oxidative phosphorylation after birth.

Introduction

Contrary to adult liver mitochondria, late fetal mito-
chondria have only a very low State 3 respiration. After
birth the ADP-stimulated respiration inceases strongly
within a few hours of extra-uterine life [1-4]. This
finding has been explained initially by an accumulation
of adenine nucleotides from cytoplasma into the mito-
chondrial matrix (see Refs. 1,5,6, for review, see Ref.
7). While the matrix adenine nucleotide content of
newborns ranges from 3 to 6 nmol/mg mitochondrial
protein, that of adults is within 10-15 nmol /mg mito-
chondrial protein [1,2,8,9]. In line with this interpreta-
tion is the observation that depletion of the matrix
adenine nucleotide content below a threshold concen-
tration of 5-7 nmol/mg mitochondrial protein de-
creased the State 3 respiration of adult rat liver mito-
chondria [6]. The fact that the threshold content is
already achieved within 1 h after birth [7], while the
development of full State 3 respiration needs about
one day [2-4], reveals that accumulation of adenine
nucleotides cannot be the only factor for development
of ADP-stimulated respiration.
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New results indicate that the biochemical basis of
the postnatal development of the State 3 respiration is
a complex process to which a developmental increase
of enzymes of oxidative phosphorylation contributes
[4,10]. So, it has been reported that the content of the
F,F,-ATPase increased 2-fold within a period of 6 h
after birth [4]. Moreover, it has been reported that the
control of respiration by ANT is stronger in liver
mitochondria from newborns than from adults [2]. This
finding suggests that the ANT protein could exert an
important role in the postnatal development of State 3
respiration. Therefore we studied the development of
the ANT protein content in rat liver tissue in the
perinatal period from 3 days before to 4 days after
birth. For that purpose, an assay based on the specific
binding of [*H]atractyloside (ATR) to the ANT protein
was developed. From the 2-fold increase of the ANT
protein per mitochondrial protein found within 2 days
after birth it is suggested that the ANT plays an
important role in the postnatal onset of State 3 respira-
tion.

Materials and Methods

Preparation of mitochondria, hepatocytes and ho-
mogenate

Mitochondria and a liver homogenate were pre-
pared from newborn and adult Wistar rats. Fetuses
were obtained from term-pregnant anesthetized rats by
Cesarean section. Immediately after delivery of the
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fetuses, mitochondria and homogenate were prepared
from the removed liver. Mitochondria were isolated as
described in Ref. 11. For the preparation of the ho-
mogenate, 1 g of liver tissue was added to 5 ml ice-cold
250 mM sucrose medium and disrupted by means of an
Ultraturrax twice for 20 s. The protein content in the
mitochondrial stock suspension and in the homogenate
was determined by the biuret method. Hepatocytes
from adult rats were prepared as described by Berry
and Friend [12].

The activity of glutamate dehydrogenase was deter-
mined in aliquots of the stock suspensions of mito-
chondria, liver homogenate and isolated hepatocytes in
the presence of 0.5% Triton X-100 [13].

Measurement of oxygen uptake

Oxygen uptake by the liver homogenate was mea-
sured polarographically in a water-jacketed chamber
maintained at 30°C. Aliquots of 0.2 ml (25-35 mg
protein /ml) were incubated in 2 ml medium containing
110 mM mannitol, 60 mM KCIl, 60 mM Tris, 10 mM
potassium phosphate, 10 mM succinate and 0.5 mM
Na,EDTA (pH 7.4).

Preparation of [*H]atractyloside

[*H]Atractyloside was prepared by Dr. Noll (from
the former Zentralinstitut fiir Kernforschung, Rossen-
dorf, Germany), essentially as described in Ref. 14. In
brief, carboxyatractyloside (CAT) was decarboxylated
to ATR and subsequently tritiated with HTO using
palladium-barium sulfate as catalyst. [*’HJATR was
checked for radiochemical purity by thin-layer chro-
matography using n-butanol /glacial acetic acid / water
(5:1:1). Titration of the State 3 respiration of adult rat
liver mitochondria was used for the determination of
the concentration of [’HJATR in the stock solution, in
analogy to the procedure as described in Ref. 15. The
concentration of atractyloside in the stock solution was
109 uM and the specific radioactivity was 348000
dpm /nmol.

[’HJATR binding test

All steps of the binding test were done in a micro-
centrifuge tube (1.5 ml) at room temperature. Aliquots
of 0.1 ml of the mitochondrial stock suspension (2-3
mg protein) or of the homogenate (3—-5 mg protein)
were added to 0.9 ml 250 mM sucrose medium contain-
ing 2 uM [PHJATR. After a 3-min incubation, the
tubes were centrifuged, the supernatant aspirated and
the pellet resuspended in 0.5 ml sucrose medium.
Centrifugation and washing of the pellet with sucrose
medium was repeated twice. Finally, the pellet was
dissolved in 2% SDS solution. Radioactivity in the
pellet was counted in 100 ul of the SDS sample by
liquid scintillation (Tri-Carb 1600). The assay was per-
formed as triplicate for each incubation. In order to

correct the data for radioactivity due to adherent
[*HJATR in the pellet (blank radioactivity), each incu-
bation was repeated in the presence of 10 uM CAT.
The blank was subtracted from the total radioactiv-
ity measured in the absence of CAT. Binding of
[PHJATR was expressed on the basis of the tissue
protein content or glutamate dehydrogenase activity.

Results

To elucidate the role of the ANT in the maturation
of the ADP-stimulated respiration, an assay was devel-
oped which can be applied for the estimation of the
ANT protein content in tissue samples. This assay is
based on the specific binding of [*’HJATR to the ANT
protein. In the first step, the suitability of the assay was
checked with samples of adult isolated rat liver mito-
chondria. Fig. 1 shows the relation between the con-
centration of added [*HJATR and its binding to mito-
chondria. There was no saturation in the [HJATR
binding when the binding was calculated on the basis
of the total radioactivity in the pellet. However, a
typical saturation characteristic was obtained after cor-
rection for the radioactivity which is due to adherent
[PHJATR in the pellet.

Next, it was examined whether the binding assay
gives similar results when applied to so different sam-
ples as isolated mitochondria, hepatocytes and ho-
mogenate. Due to the well known poor permeability of
the plasma membrane for atractyloside, the samples
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Fig. 1 Specific binding of [*HJatractyloside to rat liver mitochondria.
Mitochondria were incubated with [PHJATR alone () or after a
2-min preincubation with 10 uM CAT (@) and treated as described
in Materials and Methods. The specific binding of [*’HJATR to the
mitochondria ( a ) was obtained by subtracting the blank radioactivity
counted in the CAT containing samples from the total radioactivity
counted in the CAT-free samples. The points are the means from
three preparations.



containing hepatocytes were routinely supplemented
with digitonin. With non-permeabilized hepatocytes,
only one third of the ANT protein was accessible to
the added ATR, even after 30 min of incubation with
[*HJATR (not shown). Fig. 2 shows the specific binding
of [*HJATR to mitochondria, hepatocytes and ho-
mogenate prepared from adult rat liver. For compari-
son, the ATR binding was expressed on the basis of
glutamate dehydrogenase activity, which is exclusively
localized in mitochondria [16]. As it can be seen, the
same maximal specific binding of [*HJATR was found
in the different preparations. Fig. 3 shows that in the
range up to 7 mg liver protein the binding of [*HJATR
was proportional to the amount of incubated ho-
mogenate protein.

The results of Figs. 1-3 demonstrate that the
[*H]ATR binding assay is a suitable tool to determine
quantitatively the ANT content in liver tissue prepara-
tions. The assay was applied to the estimation of the
ANT content in liver homogenates during the develop-
mental age 3 days before to 4 days after birth. Fig. 4
shows the results. As can be seen, the ANT content
increased in the late prenatal period only slightly in
liver tissue. But after birth there was a 2-fold increase
within 2 days of extra-uterine life. The level attained
after 3—4 days was higher than in adult liver. At the 4th
day of the extrauterine life the ANT content declined.
In order to examine whether the observed increase in
the ANT content was caused by proliferation of mito-
chondria within the cell or by enrichment of mito-
chondria with ANT protein, the ANT content was
estimated in samples of isolated mitochondria during
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Fig. 2. Specific binding of [*HJatractyloside to mitochondria, liver

homogenate and hepatocytes. Aliquots of mitochondria ( a ), hepato-

cytes (M) or liver homogenate (®) were treated as in Fig. 1. For

hepatocytes the incubation mixture was additionally suppiemented

with 20 ug digitonin per mg dry weight for permeabilization of the

cells. In order to allow a direct comparison, data for [*HJATR
binding are given per U glutamate dehydrogenase.
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Fig. 3. Proportionality of specific [*H]Jatractyloside binding to the

liver tissue protein. Different amounts of liver homogenate were

incubated in the presence of 4 M [PH]ATR in a total volume of 1
ml and treated as described in Materials and Methods.

the same period of developmental age. ANT content
estimated in preparations from adults were included in
Fig. 4. It can be seen that the ANT content in the
homogenate and in mitochondria shows a similar de-
velopmental increase. This finding indicates that the
perinatal increase in ANT content is the result of a
mitochondrial maturation process, when the data were
normalized by the ANT content of the corresponding
adult samples (Fig. 4B). It becomes clear that the
decline observed in the homogenate after 4th day is
caused by a further proliferation of nonmitochondrial
proteins.

In order to study the relationship between the de-
velopmental change of the ANT content and the change
of the ADP-stimulated respiration the respiration was
measured in homogenate samples shown in Fig. 5. It
can be seen that the basal respiration increased strongly
after addition of ADP as known from isolated mito-
chondria. This indicates that the mitochondria in the
homogenate were well coupled. CAT inhibited the
ADP-stimulated respiration slightly below the level
before addition of ADP.

Fig. 6 summarizes the data of the ADP-stimulated
respiration and, for reference, of the CAT-inhibited
respiration. As can be seen, before birth there was only
a very low State 3 respiration, but after birth the
respiration increased within 4 days up to the adult
level.

In Fig. 7 the ADP-stimulated respiration was plot-
ted vs. the ANT content. There was a proportionality
between respiration and ANT content within the peri-
natal period from 3 days before to 2 days after birth.
The further increase of ADP-stimulated respiration
after the second day of extrauterine life was not paral-
leled by an increase in the ANT content.
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Fig. 4. Perinatal change of the ANT protein in mitochondria and liver tissue. The specific [*HJATR binding was determined for liver

mitochondria (a) or liver homogenate (®) prepared from fetal, newborn and adult rats. Shown are the absolute (A) and relative (B) specific

binding as percentage of the adults. Data points are means of 3-5 separate experiments. Error bars indicate +S.D. when S.D. is greater than the
size of symbols.
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Fig. 5. ADP-stimulated respiration in adult rat liver homogenate.

Oxygen consumption was measured as described in Materials and

Methods. Additions were 4.5 mM ADP and 4.5 uM CAT. Shown are
the traces of oxygen concentration (A) and its first derivative (B).
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Fig. 6. Perinatal development of the ADP-stimulated respiration in

homogenates of perinatal rat liver. Homogenates were prepared

from rat liver of various perinatal ages. ADP-stimulated respiration

(®) and the CAT-insensitive respiration (W) was measured as in Fig.
4. Data points are means of two preparations.
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Fig. 7. Relation between ADP-stimulated respiration and ANT pro-
tein content in the homogenate. Data are from Fig. 4 and Fig. 6. The
numbers at the data points indicate the perinatal age.

Discussion

In the present paper, we studied the developmental
change in the content of the ANT protein in liver
tissue using an assay based on the specific binding of
[*H]ATR to ANT protein. It was shown that no signifi-
cant difference exits in the ligand-binding properties of
the ANT protein of fetal, suckling and adult rat liver
mitochondria [8]. The specific binding was taken as the
difference of [*HJATR binding in absence and pres-
ence of the high-affinity ligand CAT. Other CAT-bind-
ing proteins in mitochondria are not known. Since we
found the same maximal specific binding of [3HJATR
in relation to GIDH with isolated mitochondria, iso-
lated hepatocytes and tissue homogenate, any extra-
mitochondrial binding sites can be neglected. The ANT
protein content of 125 pmol/mg protein found with
our assay in adult rat liver mitochondria fits with
available data in the literature [8,17]. The assay allows
to estimate the content of ANT protein in tissue ho-
mogenates without prior isolation of mitochondria. In-
hibitor titration of ADP-stimulated respiring mito-
chondria by CAT, a method often used for quantitative
estimation of the ANT content in adult mitochondria
[18-20], is not applicable to prenatal liver mito-
chondria due to their very low rates of respiration.

In the liver tissue the ANT protein content was
found to increase 2-fold in the first two days of the
extrauterine life. A similar increase of the ANT pro-
tein content was found in isolated rat liver mito-
chondria of the same developmental age. From this
coincidence it is concluded that the doubling of the
ANT protein is the result of a mitochondrial differenti-
ation process, but not due to an increase of the number
of mitochondria per cells. In line with this conclusion
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are stereometric data from electron micrographs [7].
Moreover, during the course of further development of
the newborn to the adult the tissue ANT protein
content declined. Since no such decrease was found in
isolated mitochondria (but see Refs. 2,8), this decline
must be caused by the syntheses of cytosolic proteins in
the later developmental age.

Our results point to an involvement of postnatal
synthesis of the ANT as factor in the developing of the
State 3 respiration. During the first 2 days of extrauter-
ine life the mitochondrial ANT protein content reached
the adult level. Since the increase of respiration contin-
ued also after this period, the expression of additional
functional proteins must contribute to the further mat-
uration of mitochondria.

Interestingly, a 2-fold increase of the content of
F,F,-ATPase protein occurred within a few hours after
birth [4,21]. These findings suggest that the develop-
ment of State 3 respiration is a bimodal process. In the
first hour after birth the development of the State 3
respiration is mainly governed by accumulation of ade-
nine nucleotides in the matrix [7]. After that period,
the development of full State 3 respiration depends on
the increase of ANT content in mitochondria and of
F,F,-ATPase content as shown by Cuezva [4] and pos-
sibly further functional proteins.

Acknowledgements

Dr. S. Noll is gratefully acknowledged for prepara-
tion and purification of tritiumlabelled atractyloside.
We wish to thank Mrs. H. Goldammer and Mrs. G.
Jacob for their skillful help in performing the experi-
ments.

References

—

Aprille, ].R. and Asimakis, G.K. (1980) Arch. Biochem. Biophys.

201, 564-575.

2 Hale, D.E. and Williamson, J.R. (1984) J. Biol. Chem. 259,
8737-8742.

3 Escriva, F., Ferre, P., Robin, D., Robin, P., Decaux, J.-F. and
Girard, J. (1986) Eur. J. Biochem. 156, 603-607.

4 Valcarce, C., Navarrete, R.M., Encabo, P., Loeches, E.,
Satrustegui, J. and Cuezva, JM. (1988) J. Biol. Chem. 263,
7767-7775.

5 Rulfs, J. and Aprille, J.R. (1982) Biochim. Biophys. Acta 681,
300-304.

6 Asimakis, G.K. and Aprille, J.R, (1980) Arch. Biochem. Biophys.
203, 307-316.

7 Aprille, J.R. (1986) in Mitochondrial Physiology and Pathology
(Fiskum, E., ed.), pp. 66—99, Van Nostrand Reinhold, New York.

8 Poilak, J.K., Sutton, R. and Klingenberg. M. (1978) Biochem.
Biophys. Res. Commun. 80, 193-198.

9 Valcarce, C. and Cuezva, J.M. (1991) FEBS Lett. 294, 225-228.

10 Baggetto, L., Gautheron, D.C. and Godinot, C. (1984) Arch.
Biochem. Biophys. 282, 670-678.

11 Steinbrecht, I. and Kunz, W. (1970) Acta Biol. Med. Germ. 25,

731-742.



358

12 Berry, M.N. and Friend, D.S. (1969) J. Cell Biol. 43, 506-520. 17 Klingenberg, M., Falkner, G., Erdelt, H. and Grebe, K. (1971)
13 Bergmeyer, H.U. (1970) in Methoden der enzymatischen Analyse, FEBS Lett. 16, 296-300.
pp. 420-421, Akademie Verlag, Berlin. 18 Henke, W. and Jung, K. (1991) Biochim. Biophys. Acta 1056,
14 Defaye, G., Vignais, P.M. and Vignais, P.V. (1972) FEBS Lett. 71-75.
25, 325-330. 19 Schénfeld, P. (1990) FEBS Lett. 264, 246-248.
15 Klingenberg; M., Grebe, K. and Scherer, B. (1975) Eur. J. 20 Gregory, R.B. and Berry, M.N. (1991) Biochim. Biophys. Acta
Biochem. 52, 351-363. 1098, 61-67.
16 DeDuve C., Wattiaux, R. and Bandhuin, P. (1962) Adv. Enzymol. 21 Izquierdo, J.M., Luis, AM. and Cuezva, J.M. (1990) J. Biol.

24, 291-358. Chem. 265, 9090-9097.



