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Abstract

The perinatal development of the adenine nucleotide translocation in isolated rat brain mitochondria was studied. For that purpose the
content of the adenine nucleotide translocase (ANT), the activity of adenine nucleotide translocation and the control of the ANT protein
over State 3 respiration were estimated. From the newborn to the adult state there was a 4-fold increase in State 3 respiration which was
paralleled by a 3-fold increase in the respiratory control ratio. The capacity of uncoupled respiration exceeded that of State 3 respiration in
all developmental stages indicating that the activity of oxidative phosphorylation is influenced by that of ANT and /or ATP synthase. The
content of the ANT protein, measured as bound pmoles of [*Hlatractyloside per mg mitochondrial protein, increased more than 2-fold
from birth to adultness in the first three postnatal weeks. The size of the exchangeable matrix (ATP + ADP)-pool was only sligthly
expanded during the same period. The translocation activity increased 2-fold from the newborn to the adult state and was a linear function
of the ANT protein. Control of the ANT protein over State 3 respiration (quantified as flux control coefficient, Ci3 ), was remarkable in
brain mitochondria from newborn rats (Ci%; = 0.45 + 0.15), but declined during further development (Ca%y = 0.11 £+ 0.03, at the 20th
day). The obtained results suggest that the postnatal enrichment of the ANT protein in rat brain mitochondria is an essential factor for the

development of oxidative phosphorylation capacity in the early postnatal period.
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1. Introduction

Rat brain is functional and energetically immature at
birth [1,2]. Mitochondria isolated from the brain of new-
born rats have a poor capacity of oxidative phosphoryla-
tion as indicated by the low rate of State 3 respiration [1].
Since the developing brain has a high energy demand
(myelination, de novo protein synthesis, neurotransmis-
sion, maintenance of ionic gradients), postnatal acquisition
of fully differentiated mitochondria is vital for the func-
tional maturation of brain. Studies of brain mitochondria
have been mainly concerned on the postnatal development
of the hydrogen delivering reactions (e.g., pyruvate dehy-

Abbreviations: ANT, Adenine nucleotide translocase; ATR, atractylo-
side; CAT, carboxyatractyloside; RCR, respiratory control ratio; C%r.
flux control coefficient ; FCCP, p-trifluoromethoxycarbonylcyanide
phenylhydrazone.
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drogenase complex and the citrate synthase) and the com-
plexes of the respiratory chain [1-5]. However, less atten-
tion has been focused on the role of the adenine nucleotide
translocation across the inner mitochondrial membrane and
the ATP synthase reaction during perinatal development.
Based on studies with isolated liver mitochondria, the
concept was formulated that the onset of the respiratory
control is mainly accomplished by two events: the accumu-
lation of adenine nucleotides in the mitochondrial matrix
and the enrichment of proteins involved in the energy
transduction (for review, see [6,7]). Among these proteins,
especially the role of F-ATP synthase and of adenine
nucleotide translocase (ANT) during the development of
State 3 respiration has been studied [8—11]. In line with
this concept are the observations: (i) that the low content
of mitochondrial adenine nucleotides found in the late fetal
liver increases after birth within few hours to a level even
higher than found in adults [6,8,9] and (ii) that the content
of F-ATP synthase and ANT protein increases 2-fold
during the first day of extrauterine life [8,10,11]. The low
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content of adenine nucleotides in fetal mitochondria has
been considered to limit the activities of F-ATP synthase
and of ANT [6].

The capacity of aerobic ATP-formation develops slowly
in brain mitochondria after birth [1,2]. Thus, in contrast to
mitochondria from rat liver [6] and kidney [12], where the
capacity of oxidative phosphorylation reaches the adult
level during the first day of the extrauterine life, the same
process requires in rat brain mitochondria 6 weeks after
birth [1]. Therefore the question arose whether the matura-
tion of oxidative phosphorylation in rapidly and slowly
developing mitochondria is controlled by the same mito-
chondrial events. Since the ANT protein has been found to
exert a major control on aerobic ATP formation in mito-
chondria of various tissues [13-16], we studied in the
present paper the development of the adenine nucleotide
translocation in mitochondria from rat brain prepared at
various developmental stages. The content of ANT protein,
the activity of adenine nucleotide translocation and the
flux control coefficient of the ANT over State 3 respiration
were measured. The obtained results suggest that the en-
richment of ANT protein in rat brain mitochondria is an
essential factor in the development of oxidative phospho-
rylation in rat brain during the first postnatal week.

2. Materials and methods

2.1. Preparation of homogenates and mitochondria

Wistar rats were fed with standard laboratory chow and
water ad libitum. The animals were maintained on a 12 h
light /dark cycle. Females with a mean weight of 180 g
were caged with males overnight. Fetuses were obtained
from pregnant anaesthetized rats by Cesarean section. The
body weight of the fetuses was used to control their age
[17]. Fetuses and puppies used in these studies were of
mixed sex. After decapitation the brain was immediately
dissected and homogenized in the 5-fold amount of ice-cold
250 mM sucrose medium by an Ultra Turrax homogenizer
(twice for 20 seconds). The homogenate was used for
preparing mitochondria or directly used in the [*HJATR
binding assay. Synaptosome-free mitochondria were iso-
lated from the homogenate by using the Ficoll gradient
method essentially as described in [18]. The protein con-
tent in the mitochondrial stock suspension and in the
homogenate was determined by the biuret method or with
bicinchoninic acid (BCA) assay of Pierce (Rockford, IL) in
the presence of 0.2% sodium dodecyl sulfate.

2.2. Measurement of respiration and flux control coeffi-
cient

State 3 respiration of rat brain mitochondria was mea-
sured polarographically in a water-jacketed chamber main-

tained at 30°C. Mitochondria (0.5-1.0 mg/ml) were incu-
bated in 2 ml medium containing 110 mM mannitol, 60
mM KCl, 60 mM Tris, 10 mM potassium phosphate and
0.5 mM Na,EDTA (pH 7.4). The respiratory control ratio
(RCR) was calculated from rates of oxygen consumption
in presence of ADP and after phosphorylation of added
ADP. The flux control coefficient of the adenine nu-
cleotide translocase on State 3 respiration (Ci%y) was
estimated by inhibitor titration with CAT as described in
[13] by measuring the effects of small additions of CAT on
the mitochondrial oxygen uptake using a rate-meter.

2.3. Determination of the adenine nucleotide translocator
protein

The ANT protein content in isolated mitochondria and
in homogenate samples was measured using an assay
based on the high-affinity binding of tritium-labelled
atractyloside to the ANT as recently described [11]. Briefly,
aliquots of 0.1 ml of the mitochondrial stock suspension
(0.1-0.3 mg protein) or of the homogenate (1-3 mg
protein) were added to 0.9 ml 250 mM sucrose medium
containing 2 uM [*H]JATR (348 dpm/pmol). The tubes
were centrifuged, the supernatant was aspirated and the
pellet washed three times with 0.5 ml sucrose medium.
Finally, the pellet was dissolved in 200 ul 2% sodium
dodecyl sulfate and 1 ml of a scintillation cocktail (Quick-
safe A; Zinsser Analytic) was added. In order to correct
the data for adherent [*HJATR in the pellet (blank radioac-
tivity), each incubation was repeated in the presence of 10
uM CAT. The blank was subtracted from the total ra-
dioactivity measured in the absence of CAT.

2.4. Adenine nucleotide translocase activity

The translocator activity was measured at 0°C using the
carboxyatractyloside-inhibitor stop technique [19]. Mito-
chondria (0.1-0.4 mg) were incubated in microcentrifuge
tubes in 0.3 ml incubation medium. The medium was the
same as used for the measurements of respiration. The
forward exchange reaction was initiated by addition of 100
ul 0.38 mM [*HJATP (specific activity 1170 dpm /nmol;
Du Pont) and terminated after 10 or 120 s by quick
addition of 0.2 ml 150 uM CAT. Tubes were centrifuged
for 5 min at 10000 X g, the pellets were washed with 0.5
ml incubation medium and finally dissolved in 200 nl 2%
sodium dodecyl sulfate. After mixing the dissolved pellet
with 1 ml scintillation cocktail, the entrapped radioactivity
was measured. Nonspecific binding of [*H]JATP to mito-
chondria was estimated by incubation of mitochondrial
samples with 100 uM CAT prior addition of [*HJATP.
This blank was subtracted from the measured radioactivi-
ties. The activity of the adenine nucleotide translocase was
expressed as nanomoles [*HJATP per minute per mil-
ligram protein or when normalized to the [*H]JATR-bind-
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Fig. 1. Developmental change of respiration and respiratory control in
brain mitochondria. Mitochondria of various perinatal ages were incu-
bated as described in Section 2 in presence of 5 mM pyruvate plus 5 mM
malate. Mitochondria from adult rat brain are designated as mitochondria
from rats of 120 days throughout the figures. First ADP (0.1-0.3 mM)
was added and after complete phosphorylation uncoupled respiration was
measured by stepwise addition of FCCP up to the maximal stimulation
(0.2—1.4 uM). Shown are the rates of respiration under State 3 (&), State
4 (<) and uncoupled conditions ( #). Values are given as mean + S.D. of
4-5 experiments obtained with separate mitochondrial preparations.
Where no error bars are shown, the S.D. falls within the size of the
symbols.

ing sites as nanomoles [*H]JATP per minute per nmol
[*H]ATR.

3. Results

3.1. Development of State 3 respiration and respiratory
control

Fig. 1 shows perinatal development of State 3, State 4
and FCCP-uncoupled respiration in rat brain mitochondria.
Mitochondria of 1-day before birth had a low rate of State
3 respiration (Fig. 1). Between the late fetal (1-day before
birth) and the newborn state there is only a slight increase
in both, State 3 respiration as well as respiratory control
(Table 1). During development from birth to adultness
there was a 4-5-fold enhancement in State 3 rate of

Table |
Respiratory control ratios and FCCP-uncoupled respiration of rat brain
mitochondria of various ages

Age RCR Uncoupled respiration
(days) (in % of State 3)

-1 29+1.1 93+10

0 3.0+0.3 108 +7

4 48+1.2 1106

11 6.6+1.3 111+8

adult 7.8+1.9 107+5

Incubation conditions were identical to those described in Fig. 1. Values
shown are means + S.D. of 4-5 separate mitochondrial preparations.

respiration, paralleled by a 3-fold increase in respiratory
control. The steepest enhancement of the State 3 respira-
tion occurred in the first two weeks of extrauterine life.
State 4 rate of respiration increased 2-fold from birth to
adultness. Moreover, in each incubation experiment (with
exception of fetal age) the maximally achievable rate of
respiration obtained by stepwise addition of FCCP at State
4 was above State 3 respiration (Table 1).
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Fig. 2. Developmental change of [*HJATR binding sites in mitochondria
and in tissue homogenates. Samples of mitochondrial stock suspension
(A) and of tissue homogenate (B) from rat brain tissue were treated as
described in Section 2. Proliferation of mitochondria in brain tissue (C)
was calculated by dividing ATR binding sites per g homogenate protein
by the ATR binding sites per g mitochondrial protein. Values are given as
mean + S.D. of 5-7 separate mitochondrial preparations.
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3.2. Developmental change of the adenine nucleotide
translocase protein

Next we studied the developmental change of the ANT
protein by measuring the binding of [*HJATR to brain
mitochondria. From the 3rd day before birth to the new-
born state there was only a slight increase in the ANT
content in mitochondria, whereas the ANT content devel-
oped rapidly after birth (Fig. 2A). From birth to adultness
the content of ANT increased more than 2-fold in brain
mitochondria within the first three weeks of postnatal life.
In brain tissue the content of the ANT protein increased
4-fold in the same period (Fig. 2B), suggesting that it was
caused by an enrichment of the ANT protein in mito-
chondria and an increase of the number of mitochondria
per cell. On the basis of the measured specific binding
sites of ATR in mitochondria and the homogenate, the
mitochondrial proliferation was estimated. Fig. 2C shows
that proliferation of mitochondria in rat brain tissue starts
significantly at the end of the first week of extrauterine
life.

3.3. Activity of adenine nucleotide translocation and the
exchangeable adenine nucleotide pool

The effect of the ANT protein enrichment on the activ-
ity of the adenine nucleotide translocation was studied by
measuring the rate of [*HJATP uptake. Fig. 3 shows the
time-course of the [PH]ATP uptake by mitochondria from
4-days old, 11-days old and adult rat brain. Due to the low
yield of mitochondria obtained from newborn rat brain it
was not possible to measure the time-course of [*HJATP
uptake by mitochondria isolated immediately after birth.
Since the uptake of [*HJATP was proofed to be linear up
to 10 s in all ages, values at 10 s were used to calculate the
activity of adenine nucleotide translocase. After an incuba-
tion period of 120 s the exchange of intramitochondrial
adenine nucleotides by [*HJATP was approximately com-
plete. From this value therefore the size of the exchange-

Table 2

[3H]ATP uptake (nmol/mq)

L 1 1 i 1

0 20 40 60 80 100 120

0

Time (sec)

Fig. 3. Time-course of the [*HJATP uptake by brain mitochondria.
Measurement of [*HJATP uptake by mitochondria was done as described
in Section 2. Each data point is the mean+S.D. of four separate
incubations.

able adenine nucleotide pool was estimated. The transloca-
tion activity in the adult state was twice compared with
that in the newbomn state (Table 2). This increase in the
translocation activity was caused by the enrichment of
ANT protein in mitochondria as indicated when the ANT
activity was referred to the ATR-binding sites. Moreover,
the exchangeable (ATP + ADP)-pool in rat brain mito-
chondria increased only slightly from the newborn to the
adult state. For comparison, the content and the transloca-
tion activity of the ANT was also measured in rat heart
mitochondria (Table 2). Despite the fact that in rat heart
mitochondria the content of ANT is 3-fold higher than in
rat brain mitochondria, both types of mitochondria exhibit
the same translocation activity when normalized on the
ANT protein content.

3.4. Control of adenine nucleotide translocator on State 3
respiration

The effect of the ANT enrichment on the control of the
ANT over State 3 respiration was studied by titrating the

Effect of postnatal mitochondrial maturation on exchangeable AdN pool size, ANT content and ANT activity

Age (ATP-ADP)-pool size ANT content ANT activity normalized ANT activity
(days) (nmol /mg protein) (nmol /mg protein) (nmol /min per mg protein) (nmol /min per nmol ATR)
RBM
0 270 +0.68 * 0.123£0.022 " 3.88+143° 32
(n=35) (n=4) (n=135)
4 292 +0.87 0.164 + 0,025 ° 500+ 1.40 ° 30
(n=735) (n=26) (n=13)
11 349 +£0.59 0.179 + 0.028 © 6.95 + 0.64 39
(n=3) (n=5) (n=3)
adult 3.56 £ 0.51 0.233 £ 0.011 7.04 +0.81 30
(n=15) (n=4) (n=75)
RHM(adult) 10.7 + 1.33 0.609 + 0.047 16.4 + 1.09 27
(n=15) (n=35) (n=4)

The experiments were performed as described in Section 2. Mitochondria from rat heart (RHM) were prepared as described in Ref. [20]. Values shown are
means + S.D. of n mitochondrial preparations. Values significantly different with respect to adult rat brain mitochondria: * p = 0.05; b p=001.
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Fig. 4. Developmental change of the flux control coefficient of the ANT.
Stationary rates of State 3 respiration weres adjusted by addition of 5 mM
ADP. Incremental amounts of CAT were added and changes in the
respiration were recorded by means of a rate-meter. Values of the flux
control coefficient were estimated graphically from the titration curves
[13]. The values given are the mean4 S.D. of three separate mitochon-
drial preparations.

State 3 respiration with the irreversible ANT inhibitor
carboxyatractyloside. From these data the flux control
coefficients of the ANT were estimated [13] and were
plotted vs. the postnatal age of rat brain mitochondria (Fig.
4). The ANT had a greater contro! on State 3 respiration in
mitochondria isolated from 1- and 4-day old rat brain than
in mitochondria from 3-weeks old and adult rat brain. This
indicates that the control of ANT over State 3 respiration
declined during postnatal development. The value of flux
control coefficient of ANT found in mitochondria from
adult brain was lower (0.11) than in liver [13,14], but
similar to heart and skeletal muscle {15,16].

4. Discussion

Despite of the fundamental role of the adenine nu-
cleotide translocation in the cellular energy metabolism, its
postnatal development in the brain was not studied. The
results obtained in the present study indicate that the
expression of ANT in rat brain plays a similar role for the
development of oxidative phosphorylation as previously
demonstrated for liver [10]. In contrast to rat liver
[10,13,14], ANT exerts in the adult rat brain a lower
control over respiration. In rat liver mitochondria State 3
respiration is fully developed after the first day of ex-
trauterine life [8,21,22] and the expression of the adult
level of ANT requires about the same time [11]. However,
in rat brain mitochondria the full expression of ANT
demands 3 weeks after birth, whereas the development of
the maximal capacity of oxidative phosphorylation re-
quires about 6 weeks [1]. This indicates that in rat brain
mitochondria other proteins limit the respiration during
later postnatal period. A late-developing protein within the

system of oxidative phosphorylation in rat brain mito-
chondria is the pyruvate dehydrogenase [1,2]. The full
achievement of the pyruvate dehydrogenase activity coin-
cides with the development of the maximal State 3 respira-
tion [1].

The increase of ANT content in rat brain results from
the simultaneous increase of the number of mitochondria
in the tissue and the ANT enrichment in mitochondria. It
has been demonstrated that the Ficoll gradient method
allows to isolate mitochondria which are nearly free from
cytosolic proteins (e.g., lactate dehydrogenase) and non-
mitochondrial membrane proteins (e.g., acetylcholine-
esterase), irrespective of the postnatal age [1]. The present
paper shows that there is a twofold increase of the ANT
content in rat brain mitochondria (Fig. 2). In the adult rat,
the content of ANT protein in brain mitochondria (233 + 11
pmol /mg protein) is lower than in heart mitochondria
(610 +£ 47 pmol/mg protein), but higher than in liver
mitochondria (125 + 15 pmol/mg protein [11]). The en-
richment of the ANT in brain mitochondria is paralleled by
a twofold increase of the ANT translocase activity.

Recently, a postnatal increase of the activities of respi-
ratory chain complexes I-1V has been described [5,7]. In
the first three weeks of extrauterine life, the activities of
the complexes I-1V increased three- to fourfold. After that
stage, there was a further increase in the activities of the
complexes II-IV, whereas that of complex I declined
slightly. On the other hand, the finding that the capacity of
uncoupled respiration exceeds that of State 3 respiration as
we have found in all postnatal ages (Table 1) is generally
considered to indicate that ANT and ATP synthase limit
the electron transport rate in State 3 [8,12]. An enhance-
ment of the activity of ATP synthase during the maturation
of rat brain mitochondria has been reported [5,7). How-
ever, the available data give no clear picture to what extent
its activity increased during the postnatal period. Accord-
ing to a previous study [7] the activity of ATP synthase
increased from birth to adultness by 20%, but in a very
recent study a 2-fold increase until day 10 of postnatal life
has been reported [5].

From rat liver mitochondria was reported that the total
content of mitochondrial adenine nucleotides increased
within two hours after birth from 3 to 11 nmol /mg protein
[8]. From this and other observations was postulated that in
addition to the enrichment of mitochondrial proteins the
postnatal accumulation of adenine nucleotides in the ma-
trix compartment plays an essential role in the develop-
ment of oxidative phosphorylation [6,7]. The importance of
mitochondrial adenine nucleotides for the achievement of
the maximal capacity of oxidative phosphorylation is sup-
ported by two additional findings, namely that the deple-
tion of adenine nucleotides in adult rat liver mitochondria
diminishes the State 3 respiration and that a diminution of
the exchangeable (ATP + ADP)-pool by the conversion of
ATP into AMP slows down the translocation activity
[19,23-25]. The data obtained in the present study show
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that in rat brain mitochondria the size of the exchangeable
(ATP + ADP)-pool increased only slightly between birth
and aduliness. The small exchangeable (ATP -+ ADP)-pool
seems to be a feature of rat brain mitochondria since a
much larger exchangeable adenine nucleotide pool was
estimated when the same procedure was applied to heart
mitochondria (Table 2). In addition, a minor role of ade-
nine nucleotides in the development of adenine nucleotide
translocation activity is also supported by the finding that
normalized translocation activity obtained by referring the
translocation activity to values irrespectively of the postna-
tal age. The postnatal increase of the translocation activity
reported here can be explained by a sole increase of the
ANT content in the inner mitochondrial membrane. There-
fore, it is not very likely that an accumulation of adenine
nucleotides from the cytosol into the matrix contributes
significantly to the postnatal increase of State 3 respiration
in rat brain mitochondria. Moreover, in liver mitochondria
from newborn rabbits the adenine nucleotide content in-
creased in the first two postnatal hours twofold, but no
increase of the State 3 respiration was seen during the
same period [26]. This observation has been explained by a
threshold function of the mitochondrial adenine nucleotide
content for the achievement of maximal State 3 respiration.

The flux control theory developed by Kacser and Burns,
and Heinrich and Rapoport, is a suitable tool to gain
deeper insight into the relative importance of a protein
during the postnatal development of metabolic processes
[27,28]. According to the ‘control theory’ all the proteins
involved in oxidative phosphorylation also contribute to
the control and the sum of all individual control coefficient
is one (flux summation property). A flux control coeffi-
cient of about 0.5 at the newborn stage indicates a high
contribution of the ANT to the control of State 3 respira-
tion (Fig. 4). It shows that 50% of the total control over
State 3 respiration has the ANT, whereas all other proteins
share the other 50%. When the process of mitochondrial
maturation proceeds the control of the ANT over respira-
tion declined. Interestingly, a similar observation was found
in developing liver mitochondria [10]. In the adult rat
brain, the control exerted by the ANT is low and compara-
ble with that reported for heart and skeletal muscle mito-
chondria [15,16].

Acknowledgements

We wish to thank Mrs. H. Goldhammer for her skilful
help in performing the experiments and are grateful to Dr.
S. Noll (Dresden) for preparation and purification of
[*Hlatractyloside.

References

[1] Land, JM., Booth, RF.G., Berger, R. and Clark, J.B. (1977)
Biochem. J. 164, 339-343.

[2] Booth, R.F.G., Patel, T.B. and Clark, J.B. (1980) J. Neurochem. 33,
17-25.

[3] Malloch, G.D.A., Munday, L.A., Olson, M.S. and Clark, J.B. (1986)
Biochem. J. 108, 642-645.

[4] Reichmann, H., Maltese, W.A. and DeVivo, D.C. (1988) J. Neu-
rochem. 51, 339-344.

{5] Bates, T.E. Almeida, A., Heales, S.J.R. and Clark, J.B. (1994) Dev.
Neurosci. 16, 321-327.

[6] Aprille, J.R. (1986) in Mitochondrial Physiology and Pathology
(Fiskum, E., ed.), pp. 6669, Van Nostrand Reinhold, New York.

[7] Cuezva, .M., Valcarce, C., Luis, A.M., Izquierdo, J.M., Alconada,
A. and Chamorro, M. (1990) in Endocrine and Biochemical Devel-
opment of the Fetus and Neonate (Cuezva, JM., Pascual-Leone,
AM. and Patel, M.S., eds.), pp. 113-135, Plenum Press, New York.

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

[9] Valcarce, C., Izquierdo, J.M., Chamorro. M. and Cuezva, J.M.(1994)
Biochem. J. 303, 855-862.

[10] Hale, D.E. and Williamson, J.R. (1984) J. Biol. Chem. 259, 8737—
8742.

[11] Schénfeld, P., Fritz S.. Halangk, W. and Bohnensack, R.(1993)
Biochim. Biophys. Acta 1114, 353-358.

[12] Prieur, B., Cordeau-Lossouarn, L., Rotig, A.. Bismuth, J., Geloso,
J.-P., Delaval, E. (1994) Biochem. J. 305, 675-680.

[13] Groen, A K., Wanders, R.J.A., Van den Meer, R. and Tager, J.
(1982) I. Biol. Chem. 257, 2754-2757.

[14] Tager, J.M., Wanders, R., Groen, A.K., Kunz, W., Bohnensack, R.,
Kuster, U., Letko, G., Bshme, G., Duszynski, J. and Wojtczak, L.
(1983) FEBS Lett. 151, 1-9.

[15} Kholodenko, B., Zilinskiene, V., Borutaite, V., Ivanoviene, L.,
Toleikis, A. and Praskevicius, A. (1987) FEBS Lett. 223, 247-250.

[161 Wisniewski, E., Kunz, W.S. and Gellerich, F.N. (1993) J. Biol.
Chem. 268, 9343-9346.

[17] Goltzsch, W., Bittner, R., Didt, L., Sparmann, G., Béhme, H.-J. and
Hofmann, E. (1980) Z. Versuchstierk. 22, 1-7.

[18] Ciman, M., Rascio, N., Pozza, D. and Sartorelli, L. (1992) Neurosci.
Res. Commun. 11, 87-92.

[19] Barbour, R.L. and Chan, S.H.P. (1981) J. Biol. Chem. 256, 1940~

1948.

{20] Schaller, H.. Letko, G. and Kunz, W. (1978) Acta Biol. Med. Germ.
37. 31-38.

[21] Aprille, J.R. and Asimakis, G.K. (1980) Biochim. Biophys. Acta
201, 564-575.

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

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

[24] Klingenberg, M. (1985) in The Enzymes of Biological Membranes
(Martenosi, A.N., ed.), Vol. 4, pp. 511-553, Plenum Press, New
York.

[25] Schonfeld, P. and Bohnensack, R. (1991) Biomed. Biochim. Acta
50, 841-849,

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

[27] Kacser, H. and Burns, J.A. (1973) Symp. Soc. Exp. Biol. 32,
65-104.

[28] Heinrich, R. and Rapoport, T.A. (1974) Eur. J. Biochem. 42, 89-95.



