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Abstract

We have previously provided evidence that diffusion of metabolites across the porin pores of mitochondrial outer membrane is hindered.
A functional consequence of this diffusion limitation is the dynamic compartmentation of ADP in the intermembrane space. These earlier
studies were done on isolated mitochondria suspended in isotonic media without macromolecules, in which intermembrane space of
mitochondria is enlarged. The present study was undertaken to assess the diffusion limitation of outer membrane in the presence of 10% (w/
v) dextran M20, in order to mimick the action of cytosolic macromolecules on mitochondria. Under these conditions, mitochondria have a
more native, condensed configuration. Flux-dependent concentration gradients of ADP were estimated by measuring the ADP diffusion
fluxes across the porin pores of isolated rat heart mitochondria incubated together with pyruvate kinase (PK), both of which compete for ADP
regenerated by mitochondrial creatine kinase (mtCK) within the intermembrane space or by yeast hexokinase (HK) extramitochondrially.
From diffusion fluxes and bulk phase concentrations of ADP, its concentrations in the intermembrane space were calculated using Fick’s law
of diffusion. Flux-dependent gradients up to 23 uM ADP (for a diffusion rate of Jp;r=1.9 pmol ADP/min/mg mitochondrial protein) were
observed. These gradients are about twice those estimated in the absence of dextran and in the same order of magnitude as the cytosolic ADP
concentration (30 uM), but they are negligibly low for cytosolic ATP (5 mM). Therefore, it is concluded that the dynamic ADP
compartmentation is of biological importance for intact heart cells. If mtCK generates ADP within the intermembrane space, the local ADP
concentration can be clearly higher than in the cytosol resulting in higher extramitochondrial phosphorylation potentials. In this way, mtCK
contributes to ensure optimal kinetic conditions for ATP-splitting reactions in the extramitochondrial compartment. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

There is increasing evidence that ADP transport from the
cytosol into the intermembrane space of the mitochondrion
occurs both indirectly via ADP shuttle systems consisting of
creatine kinase (CK) [1-3] or adenylate kinase [4—6]
isoenzymes, and directly by diffusion of ADP itself. In
these ADP shuttles, different members of isoenzyme fam-
ilies are located on both sides of the mitochondrial outer
membrane, where they presumably work in opposite ways:
in the direction of ATP formation in the extramitochondrial
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space and in the direction of ADP formation in the inter-
membrane space. This can only be achieved if the concen-
trations of the relevant substrates are sufficiently different in
the two compartments.

We have shown that metabolite diffusion through the
porin pores is limited, resulting in the formation of dif-
fusion gradients in the micromolar range [7]. These studies
have been performed with isolated rat heart mitochondria
in classical isotonic media, in which no significant oncotic
pressure is imposed on the mitochondria [7]. It is known
that under those conditions, mitochondria are in an artifi-
cially swollen state [8,9], while having a condensed con-
figuration in situ [10]. By using measurements of the
kinetic constants of the mitochondrial isoenzyme of CK
[11] and of oxidative phosphorylation [12] as a sensor, the
permeability of outer membrane of heart mitochondria has
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been investigated. The apparent Michaelis constant of
mtCK in intact mitochondria was increased compared to
the solubilized enzyme [11] and the addition of macromo-
lecules, including dextrans and serum albumin, to the
incubation medium led to a further significant increase,
indicating a further decrease of permeability [11,13—15].
These studies provided qualitative evidence for diffusion
hindrance imposed by the outer membrane and how this is
modulated by the composition of the incubation medium.
However, a detailed understanding of the regulation of
oxidative phosphorylation within intact tissues requires
quantitative information on the extent of dynamic com-
partmentation. Presently, however, techniques are lacking
to obtain these data for intact tissues or whole cells.
Therefore, we have introduced reconstituted systems,
which consist of isolated mitochondria, pyruvate kinase
(PK) (as an extramitochondrial ADP scavenging device,
which represents a substitute for glycolysis) and an ADP-
generating kinase [2,7,11]. We have studied several
kinases, which were positioned at different locations with
respect to the outer membrane [11]: (a) mitochondrial
creatine kinase (mtCK) [7] and mitochondrial adenylate
kinase (mtAK) [5], which are both localized in the inter-
membrane space; (b) mitochondrial hexokinase (mtHK)
[13], which is bound at the external surface of the outer
membrane; and (c) yeast hexokinase (HK), which lacks the
ability to bind to the mitochondrion and thus serves as a
nonbound, extramitochondrial control.

Fig. 1 represents a schematic view of the system used in
this work. The rationale of the reconstituted system is that
the mitochondria and PK compete for kinase-generated

ADP and that the balance between ADP utilization by
oxidative phosphorylation or PK activity depends on the
location of the ADP-generating kinase with respect to outer
membrane. The intracellular oncotic pressure was simulated
by addition of 10% dextran to the incubation media. These
model systems were used to quantitatively measure the flux-
dependent diffusion gradients across the porin pores under
conditions of simulated cytosolic oncotic pressure on rat
heart mitochondria.

2. Materials and methods
2.1. Materials

Rat heart mitochondria were isolated as described pre-
viously [12]. The final mitochondrial pellet was resuspended
in 300 mM sucrose, 10 mM Tris, 0.2 mM disodium EDTA, 2
mM MgO (pH 7.4) to give a protein concentration of
approximately 30 mg/ml. Lyophilized PK, which was
essentially salt-free and lyophilized yeast HK were obtained
from Sigma. Dextran M20 (15-20 kDa) was from Serva.
All other chemicals used were of the highest grade avail-
able and obtained from regular commercial sources.

2.2. Protein determination

The protein concentration of the mitochondrial prepara-
tion was measured by the BCA assay [16]. The BCA
reagent was supplemented with 0.1% (w/v) sodium dode-
cylsulfate. Bovine serum albumin was used as a standard.
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Fig. 1. Metabolic scheme of the reconstituted systems used for experimental determination of diffusion gradients across the outer membrane of isolated rat heart
mitochondria. HK system (top), CK system (down). G, glucose; G-6-P, glucose-6-phosphate; PEP, phosphoenolpyruvate; Pyr, pyruvate; Cr, creatine; CrP,
creatine phosphate; SH,, substrate; S, reduced substrate; AANT, adenine nucleotide translocator; IM, inner membrane; IMS, inner membrane space; OM, outer

membrane. For explanations, see text.
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2.3. Respiration measurements

Respiratory rates of rat heart mitochondria were meas-
ured at 30 °C in an OROBOROS oxygraph [17] in a
medium containing 120 mM MES, 5 mM KH,PO,, 0.5
mM mannitol, 10 mM NaCl, 20 mM imidazole, 20 mM
taurine, 8 mM MgCl,, 5 mM KH,POy, 0.5 mM disodium
EDTA, 0.5 mM dithiothreitol, 8.8 mM glutamate, 1.8 mM
malate, 25 mM creatine and, where indicated, dextran (pH
7.4 with KOH). The oxygen content of the air-saturated
oxygraph medium was measured as described previously
[12]. Oxygraph medium without, with 10% (w/v) dextran
M20 and with 15% (w/v) dextran M20 appeared to
contain 2485 puM (n=7), 219+£8 uM (n=6) and
199 £ 8 uM (n=4) O,, respectively. The specific oxygen
consumption rates (nmol O,/mg mitochondrial protein/
min) were calculated from the first derivative of the
oxygraph trace.

The mitochondrial respiration as induced by mtCK was
measured in the presence of varying amounts of PK. Single
incubations were performed for each PK addition. The
following components were added together: (a) 1520 ul
oxygraph medium; (b) 10 pl rat heart mitochondria; (c) 75
ul phosphoenolpyruvate (100 mM tricyclohexylammonium
salt; final concentration 4.2 mM); (d) 0—-200 ul PK (1200 U/
ml in oxygraph medium) and 200—0 pl oxygraph medium.
After closing the oxygraph chamber to a total volume of 1.5
ml, the mtCK-induced respiration was initiated by the
addition of 32 pl of 250 mM ATP (pH 7.0; final concen-
tration 5.3 mM). For stimulation of the respiration by yeast
HK, creatine was omitted from the oxygraph medium and
22 mM glucose was added instead. Yeast HK was added to a
final concentration of 2 U/mg mitochondrial protein, and the
HK-induced respiration was started by addition of ATP. The
respiratory control index of the rat heart mitochondria was
always higher than 5.

2.4. Spectrophotometric assay of CK and HK activity

The activities of mtCK and yeast HK were measured in
the direction of ADP formation with a coupled enzyme
assay at 30 °C under conditions comparable to the oxygraph
experiments. The oxygraph medium was supplemented with
NADH (0.25 mM) and oligomycin (17 pM). For the
determination of the activity of mtCK in rat heart mitochon-
dria, the reaction was started by addition of ATP (5.3 mM).
The measurements of mtCK activity were corrected for the
contribution of mitochondrial ATPase activity that was not
completely blocked by oligomycin. For determination of
HK activity, the creatine in the oxygraph medium was
replaced by 22 mM glucose and the reaction was initiated
by addition of ATP. The ADP production rate in these assays
is linearly related to the NADH utilization rate, which was
measured spectrophotometrically at a wavelength of 340
nm. The kinase activities are expressed in nmol ADP/mg
mitochondrial protein/min.

2.5. Metabolite determinations

To determine metabolite concentrations, samples were
taken 2.5 min after addition of ATP when the mtCK-induced
or HK-induced respiratory rates were stationary. All reac-
tions were terminated by immediate dilution of the samples
in organic solvent mixtures as described earlier [13,19].
ATP, ADP, glucose 6-phosphate, phosphocreatine and pyr-
uvate concentrations were measured spectrophotometrically
or fluorimetrically using standard enzymatic assays [20]. In
a number of samples, the ADP determinations were ham-
pered by the presence of large amounts of pyruvate, because
pyruvate is an intermediate in the ADP assay. In those
samples, the pyruvate was first converted to lactate by
addition of an equimolar amount of NADH and by addition
of lactate dehydrogenase.

2.6. Calculation of ADP fluxes

The ADP production fluxes by mtCK (Jcx) and HK
(Juk), as well as the ADP flux to PK (Jpk), were calculated
from the increase in the concentrations of phosphocreatine,
glucose 6-phosphate and pyruvate, respectively, assuming
that the activities were stationary throughout the 2.5-min
incubation period. The ADP fluxes from mtCK or yeast HK
to oxidative phosphorylation (Jp) were calculated from the
differences between the kinase-induced respiration and state
4 respiration, taking into account the theoretical P/O ratio of
2.5 for respiration on glutamate and malate. All fluxes are
expressed as nmol ADP/mg mitochondrial protein/min.

3. Results

3.1. Dynamic ADP compartmentation in intermembrane
space of heart mitochondria in dextran-containing media

At first, the effects of dextran addition on the basic
properties of isolated rat heart mitochondria were studied.
The Jpax of mtCK was 1953 + 199 nmol ADP/mg mito-
chondrial protein/min (z=3) in the absence of dextran. In
agreement with earlier studies [11,14], this activity was not
changed in the presence of dextran (1903 £ 224 nmol ADP/
mg mitochondrial protein/min; #=4). The mtCK activity is
about 1.5 times the maximal ADP phosphorylating activity
of rat heart mitochondria, and therefore mtCK was able to
stimulate mitochondrial respiration to state 3 levels. Table 1
shows that dextran M20 at a concentration of 10% (w/v) had
no effect on state 3 respiration or the respiratory rate in the
presence of atractylate, which inhibits the adenine nucleo-
tide translocator. At 15% (w/v) dextran, state 3 respiration
tended to decrease, in agreement with earlier studies on rat
liver mitochondria [12,14]. State 4 respiration was not
affected by dextran (data not shown; see also Refs. [12,14]).

Next, the effects of addition of PK on the rate of
respiration were measured for the case of ADP generation
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Table 1
Effects of dextran M20 on the respiratory properties of rat heart mi-
tochondria

Dextran (%, w/v)

Respiratory rate (nmol O,/mg/min)

State 3 AT-state
0 226+3 27+4
10 234 +44 31+9
15 190 £5 18£1

State 3 respiration was induced by endogenous mtCK activity. The
atractylate (AT) state represents the rate of respiration after addition of 50
uM AT. The values represent mean = S.D. of at least three different
experiments.

by either mtCK in the intermembrane space or yeast HK in
the extramitochondrial compartment. Typical results are
compared in Fig. 2 for an experiment in dextran-containing
medium. Respiration was first activated via mtCK (Fig. 2,
top) in the absence of PK (left). Addition of PK (50 U/mg
mitochondrial protein) reduced respiration only to ca. 60%
of the state 3 level, indicating that part of ADP generated by
mtCK is preferentially delivered to oxidative phosphoryla-
tion. The bottom part of Fig. 2 depicts the corresponding
experiments for the case of ADP generation by extramito-
chondrial yeast HK, which also stimulated respiration to

state 3 levels in the absence of PK (left). Importantly,
however, in this case, addition of PK reduced the respiratory
rate nearly to state 4 levels, which was deduced from the
fact that subsequent inhibition of the adenine nucleotide
translocator only led to a minor further decrease in oxygen
uptake. These results indicate that most of the ADP pro-
duced by HK in the extramitochondrial compartment is
phosphorylated by PK (see also below), as expected.

3.2. Measurement of ADP concentration gradients across
the outer membrane

In the second set of experiments the PK activity was
gradually titrated and the rate of respiration was measured
for each PK addition (Fig. 3). In these experiments we also
assessed the effect of dextran on the dynamic compartmen-
tation of ADP. For the HK system, PK activity diminished
the rate of respiration down to resting state levels both in the
absence (data not shown) and in the presence of 10% (w/v)
dextran M20. For the mtCK system, however, respiratory
activity remained well above state 4 values at saturating PK
activity. In the presence of dextran the phosphorylating rate
of PK-insensitive respiration was significantly increased
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Fig. 2. Effect of localization of ADP regenerating enzyme on competition between rat heart mitochondria and pyruvate kinase for ADP. Recordings of oxygen
uptake by rat heart mitochondria stimulated by mtCK (CK) or by extramitochondrial HK, without (left) or with added PK in a 10% (w/v) dextran-containing
medium as described in Materials and methods. Oxygen concentration (thick lines) and the rate of respiration (thin lines) as a function of time. Additions: RHM,
0.3 mg mitochondrial protein; Cr, 25 mM creatine; PK, 50 U PK/ml; HK, 2.2 U yeast hexokinase/mg mitochondrial protein; ATP, 4.7 mM ATP; Atr, 50 pM

atractylate.
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Fig. 3. Effect of dextran M20 (10% w/v) on the competition between
oxidative phosphorylation and PK for ADP generated by mtCK or yeast
HK in suspensions of rat heart mitochondria. Respiration, as stimulated by
endogenous mtCK (@, O) or by extramitochondrial yeast HK (W), was
measured in the presence of phosphoenolpyruvate and increasing PK
activities as indicated. Experiments were carried out as described in the
legend to Fig. 2. Stationary rates of respiration were observed 2.5 min after
starting the reactions by addition of 4.7 mM ATP. In some incubations with
creatine and PK, respiration was measured after inhibition of AdN-
translocator with atractylate (O). All incubations were done in the presence
of 10% dextran except (O). Each symbol represents one separate
incubation.

(+160%). These data clearly show that macromolecules
increase the compartmentation of adenine nucleotides in the
intermembrane space.

In order to quantify the flux-dependent concentration
gradients across the outer mitochondrial membrane in the
presence of dextran, single incubations were performed as
shown in Fig. 2 and samples were quenched for determi-
nations of ATP, ADP, pyruvate, glucose 6-phosphate and
creatine phosphate. From these concentrations and the
measured rates of respiration, the fluxes of ADP through
the pertinent processes in the reconstituted systems (i.e., the
mtCK, yeast HK, and PK reactions as well as oxidative
phosphorylation) were calculated. In Fig. 4, these ADP
fluxes are plotted as a function of bulk phase ADP concen-
tration. The data points at the highest ADP concentration
were obtained from incubations without PK. Under these
conditions, Jck (the ADP production flux through mtCK)
was submaximal due to pronounced ADP inhibition of
mtCK but the ADP phosphorylation equals ADP formation.
On the contrary, product inhibition of yeast HK by ADP is
much less pronounced, as expected on the basis of its
known kinetic properties [7]; therefore, ADP generation
by HK exceeded the ADP utilization by oxidative phos-
phorylation, indicating no stationary conditions in this
single incubation without PK. In all other incubations,

however, the ADP generation by either mtCK or HK was
balanced by ADP utilization via oxidative phosphorylation
and PK activity. The metabolic differences between both
systems are visible at bulk phase concentrations lower than
10 uM ADP. In this concentration range Jo, tends to zero in
the HK system but remains remarkable in the CK system.
Fig. 5 demonstrates this difference more clearly. In the HK
system the bulk phase ADP concentration was 212 pM
under state 3 conditions, and half maximal respiration
occurred at 60 uM ADP. The state 3 concentration of
ADP in the CK system was 161 pM and also the half
maximal rate of respiration occurred at a significantly lower
bulk phase ADP concentration (23 uM ADP) as compared
to the HK system. Fig. 5 also shows that the differences in
the steady-state ADP concentrations between the two sys-
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Fig. 4. Effect of localization of ADP regenerating enzyme on ADP fluxes in
heart mitochondria. Experiments were performed as described in Figs. 2
and 3 and in Materials and methods. ADP regenerating fluxes Jck (bottom,
0) and Jyk (top, O), and ADP phosphorylating fluxes Jop (@), Jpk (A),
Jpk +Jop (W) were plotted versus the bulk phase ADP concentration. The
data are from one (out of three) typical experiment.
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Fig. 5. Direct demonstration of ADP gradients across the outer membrane
of heart mitochondria. ADP fluxes to oxidative phosphorylation, Jop, in the
CK system (O) and in the HK system (O) as well as ADP regenerating
fluxes by HK, Juk (Vv ), and mtCK, Jog (A), were plotted versus the bulk
phase ADP concentration. The data points with the highest bulk phase ADP
were obtained in incubations without PK. Thin horizontal lines (1,2) mark
the bulk phase concentrations of ADP in both systems at the minimum rate
of respiration measured in CK system in the presence of excess PK activity
(vertical line). The small arrows mark Kapp values for HK (1) and CK
system (2).

tems were not caused by differences in the rates of ADP
formation by mtCK and HK, since these were essentially
identical.

The key point of the data presented in Fig. 5 is that the
relationship between the rate of oxidative phosphorylation
and the extramitochondrial ADP concentration is shifted to
substantially lower ADP concentrations in the mtCK system
as compared to the HK system. Moreover, it was not
possible to decrease Jop in the CK system lower than 388
nmol ADP/mg/min as marked by the vertical line in Fig. 5.
This minimal respiration occurred at 3 pM ADP bulk phase
concentration (horizontal line 1). If in the HK system
mitochondria have the same activity, then the bulk phase
ADP concentration is 30 uM (horizontal line 2). The ADP
formation fluxes by HK and mtCK under these conditions
can be seen from the cross points of the vertical lines with
regression lines (Jcx=2255 ADP/mg/min; Jyx =2348
ADP/mg/min). Since the mitochondrial ADP concentrations
(i.e., in the matrix and intermembrane space compartments)
must be considered equal at equal rates of respiration, these
data clearly imply that ADP gradients exist across the outer
membrane. ATP concentrations were identical in the two
systems (data not shown), as expected.

3.3. Calculation of ADP concentrations in intermembrane
space

The experimentally determined ADP fluxes and bulk
phase ADP concentrations can be used to estimate the
magnitude of the ADP concentration gradients across the
outer membrane. According to a model described previously

[7,11] and the metabolic scheme in Fig. 1, the ADP
diffusion flux (Jpjp) through the porin pores in the mtCK
system must be equal to the difference between the mtCK-
based ADP production flux in the intermembrane space
(Jck) and the ADP flux from mtCK to oxidative phosphor-
ylation (Jop). Furthermore, in the CK system Jp;s is also
equal to the phosphorylation flux by PK (Jpk). This results
in the following relation:

Jpit = Jek — Jop = Jpk (1)

The ADP diffusion flux is linearly related to its concen-
tration gradient across the outer membrane, which can be
described by an equation analogous to Fick’s first law of
diffusion:

Jif = kDif([ADP]IMs - [ADP]BP) (2)

in which [ADP]ps and [ADP]gp are the ADP concentra-
tions in the intermembrane space and bulk phase, respec-
tively; kp;r is the rate of diffusion for ADP.

In the HK system, the net ADP diffusion flux occurs in
the opposite direction, and Jh;; is equal to the ADP flux to
oxidative phosphorylation (J4p). For distinguishing the
fluxes in the different systems, we mark the fluxes through
the HK system by a prime symbol. Both fluxes are equal to
the difference between J{jx and Jpk :

Jbir = Jop = Jhix — Jhk (3)

Jhir 1s linearly related to [ADP]gp — [ADP]{ms, leading
to:

Jbir = kpir ([ADP]p — [ADPJjys) (4)

In these equations, kp;;, [ADP]pvs and [ADP]{\is are the
only unknowns. As mentioned above, the [ADP]j\g can be
considered equal in the mtCK and HK systems at equal rates
of respiration (i.e., [ADP]pns=[ADP]{nms). When assuming
that the rate constants for ADP diffusion through the outer
membrane pores are equal in the outward and inward
directions, the [ADP];s concentrations and consequently
the ADP concentration gradients across the outer membrane
can be calculated by combining Eqs. (2) and (4).

As an example, the measured ADP fluxes and ADP
concentrations at the minimal rate of respiration in the CK
system at maximal PK activity (see lines in Figs. 4 and 5)
are presented in Fig. 6. From these data collected in the CK
and the yeast HK system, it was calculated that [ADP];vs
was 26 pM under these conditions. This implies that the
maximal ADP concentration gradient across the outer mem-
brane was 23 uM in the mtCK system for a Jp;s of 1925
nmol ADP/mg/min. At the same rate of respiration in the
HK system, [ADP]gp amounted to 30 uM. The gradient
across the porin pores is only 4 uM under these conditions,
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Fig. 6. Calculation of ADP concentrations in the intermembrane space from experimentally determined ADP diffusion fluxes across the OM of heart
mitochondria. Fluxes and bulk phase concentrations were taken from Figs. 4 and 5. The intermembrane space (IMS) concentrations of ADP were estimated as
detailed in the text. Fluxes are denoted in units of nmol ADP/mg/min. IM, inner membrane; OM, outer membrane.

which is due to the relatively low Jp;¢ of 323 nmol ADP mg/
min.

4. Discussion

4.1. The use of dextran for mimicking the intracellular
oncotic conditions

In several studies, we presented evidence that ADP is
dynamically compartmented in the intermembrane space of
isolated heart and liver mitochondria [2,4—7,11—15]. It is,
however, important to know to what extent ADP compart-
mentation occurs within intact cells. Therefore, we tried to
simulate the oncotic conditions of intact cells in reconsti-
tuted systems consisting of isolated mitochondria and
kinases especially designed for investigation of fluxes
across the porin pores [2,14]. In vivo, mitochondria are
embedded in cytoplasm, in which the protein content may
be as high as 20-30% (mass/vol.) [21]. After isolation in
commonly employed isotonic media devoid of proteins,
mitochondria exhibit a strongly enlarged intermembrane
space [8—10] and a decreased number of contact sites
[15]. In the macromolecule-free media, the colloid-osmotic

balance across the outer membrane is disturbed, resulting in
water uptake into the intermembrane space [8]. Addition of
macromolecules like albumin, dextrans, ficoll and polyvi-
nylpyrrolidone to isolated mitochondria results in reversal of
the morphological changes [8,9,15]. The macromolecule-
induced restoration of the in vivo conformation of mito-
chondria is accompanied by functional changes [5,11—-15].
It has been shown that macromolecules have in general two
effects on the functioning of isolated mitochondria. (a)
Macromolecules increase the coupling between several
mitochondrial kinases and oxidative phosphorylation. Thus,
it was demonstrated that the ADP supply from mtAK [5,6],
mtCK (this study) and externally associated HK isoenzyme
I [6,13] to oxidative phosphorylation is increased in the
presence of macromolecules like dextran and albumin. (b)
Macromolecules increase the diffusion resistance for
nucleotide transport between the extramitochondrial com-
partment and the intermembrane space [5,11,12,14]. The
latter was demonstrated in studies showing that macro-
molecules decrease the apparent affinity of mtAK [14] for
externally added ADP and/or ATP. Since the kinetic proper-
ties of kinases under solubilized and homogeneous condi-
tions (including mtAK and mtCK but also PK and HK) are
not affected by the presence of macromolecules [14], the
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effects on the apparent affinities are most likely explained
by a reduced accessibility of the substrates to intramito-
chondrial processes. Also, the decreased apparent affinity of
oxidative phosphorylation for externally added ADP in the
presence of macromolecules ([12] and this study) might be
explained by an increased diffusion resistance for nucleotide
transport between the extramitochondrial compartment and
the intermembrane space. The K5pp of oxidative phosphor-
ylation increased from 20 pM ADP over 50 pM ADP at 10—
15% (w/v) dextran up to 120 uM ADP, if the dextran
content of the incubation medium was further increased to
25% (w/v). This indicates that it is possible to further
increase the dynamic compartmentation. For the present
experiments, however, we used the dextran concentration
of 10% (w/v), which is similar to the conditions (12% ficoll
and 0.5% F-actin) as used by Hou et al. [22] to establish in
vitro the same diffusion rates for fluorescent dyes as
measured within intact cells. It may be therefore concluded
that within intact cells, the gradients across the porin pores
are at least in the same extent of those detected in our model
systems. However, due to the complex cellular structure,
probably further gradients exist as indicated by the detection
of functional units in heart [23] and skeletal muscle [23,24].
These additional gradients may further increase the dynamic
ADP compartmentation within intact cells.

4.2. Mechanism of dextran effects on dynamic ADP
compartmentation

Several lines of evidence show that the outer membrane
is the main diffusion barrier for ADP on its way to the
adenine nucleotide translocator [11,14,25,26]. Due to this
barrier function, the main part of ADP generated by mtAK
or mtCK in the intermembrane space is not accessible to
extramitochondrial processes [4,7,25].

The effect of dextran on the permeability of the outer
membrane was demonstrated at the level of isolated porin
molecules in reconstituted black lipid membranes [14,27].
Apart from a decreased conductivity, dextran [14] or other
macromolecules [27] induced a change in the voltage sensi-
tivity of pores. The mechanism of the dextran effect on the
porin permeability on molecular level was explained by a
decreased pores diameter due to the oncotic stress [27]. This
effect on the molecular level could explain also the increased
dynamic compartmentation in the CK/HK model system.

However, dextran also increases the compartmentation in
mtHK/HK model systems, where mtHK is localized at the
cytosolic side of the porin pores [13]. Here a reduction of the
pores permeability should reduce the diffusion of ADP into
the mitochondria too. Therefore, the reinforcing effect of
dextran on channelling of mtHK formed ADP to the AdN-
translocator point at the formation of multienzyme com-
plexes consisting of AdN-translocator, porin pores and
kinases as mitochondrial HK or CK. The tendency of those
proteins to form multienzyme complexes is long known [28].
Evidences are accumulated showing that these enzyme com-

plexes are components of the permeability transition pore
[29,30] and that they are involved in mechanisms to release
the apoptotic signal cytochrome ¢ [31,32]. One advantage of
such multienzyme complexes is a rigorous reduction of
diffusion distances for metabolites as ADP. Several studies
have shown that a short distance between enzymes of one
metabolic sequence is kinetically advantageous [33,34].

In conclusion, it seems that dextran acts via compressing
the intermembrane space and increasing the frequency of
contact sites, which favours the formation of multi enzyme
complexes. ADP formed within these complexes has easy
access to the AdN-translocator but ADP formed outside of
these complexes is separated by a diffusion barrier.

4.3. Gradients and compartmentation

In the intact heart, ATP concentration (5 mM [36]) is
much higher than the concentration gradients across the
porin pores. Therefore ATP as well as other metabolites of
CK as creatine (15 mM [36]) and creatine phosphate (15
mM [36]) can not be dynamically compartmentalized.
Cytosolic ADP concentration (30—50 uM [36]), however,
is in the same order of magnitude than the gradient. To
ensure half maximal respiration (Jop=0.57 pumol ADP/min/
mg protein) in the HK system, extramitochondrial ADP
concentration (60 pM) must be 6 uM higher than in the
intermembrane space (54 pM). When ADP regeneration
occurs within the intermembrane space by mtCK, than
extramitochondrial ADP concentration is 22 uM (Kapp),
19 uM lower than in the intermembrane space (41 pM).
These different ADP concentrations are optimal for both,
the stimulation of oxidative phosphorylation and for ensur-
ing high extramitochondrial phosphorylation potentials [35].
This advantage disappears, however, if the outer membrane
is partially or completely disrupted [25] as it can occur after
ischemia [18] or due to other cytotoxic events.
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