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SUMMARY

1. Rat-liver mitochondria accumulate betaine during coupled “State 3" oxida-
tion of choline.

2. At low salt concentrations, betaine efflux from mitochondria occurs, when
also adenine nucleotides leak out of the mitochondria.

3. At high salt concentrations betaine efflux is slow.

4. Itis concluded that the overall oxidation of choline by rat-liver mitochondria
may be limited by the efflux of betaine.

INTRODUCTION

Isolated rat-liver mitochondria are able to oxidize choline to hetaine vig betaine
aldehyde!-5. The reactions involved take place inside the mitochondrial matrix3-® and
therefore, the substrate choline and the product betaine have to pass the inner mem-
brane for complete reaction.

It was suggested some years ago that the entry of choline is a limiting factor
in its overall oxidation especially under conditions where high concentrations of mono-
valent cations are present!®. An effect of adenine nucleotides on choline movement
across the mitochondrial membrane was also postulated?.

However, it seemed equally possible to us that the efflux of produc:s of choline
oxidation is a limiting step. Evidence favouring this possibility carne forward when
we found that under some conditions high concentrations of betaine accumulate in the
mitoch »ndrial matrix8. When choline is oxidized under “State 3” conditions the rate
of oxygen consurnption is only 10 % of that in the presence of an uncoupler. Under
these conditions the final product of choline oxidation, betaine, is retained almost
completely within the mitochond.ia. Betaine aldehyde is not present in appreciable
concentrations either inside or outside the mitochondria®. These conditions then,
orovided us the possibility to study the conditions under which the accumulated

Abbreviations: FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; S-13, 5-
hloro, 3-fert-butyl, 2-chloro, 4’-nitro-salicylanilide; MOFS, morpholinopropane suiphonic acid.
* Postal address: Plantage Muidergracht 12, Amsterdam, The Netherlands.
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betaine can leave the matrix space. We concluded from these studies, that the move-
ment of betaine across the mitochondrial inner membrane is one of the limiting steps
in overail choline oxidation.

RESULTS AND DISCUSSION

When rat-liver mitochondria are allowed to oxidize choline in the | sesence of
ADP and phosphate or glucose and hexokinase most oxidation products remain within
the matrix (Fig. 1). Evidently, thereis a barrier preventing the final oxidation product,
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Fig. 1. Distribution of choline and its products during ““State 3’ choline oxidation. Rat-liver
mitochondria, 4.2 mg protein/ml, were incubated in a medium containing 175 mM sucrose, 16 mM
glucose, 5 mM Tris—-morpholinopropane sulphonic acid (MOPS) buffer, 5 mM potassium phosphate
buffzr, 5 mM ADP, o.2 mM MgCl,, 4 I.U. hexokinase, 1 mM choline, 7 uCi [4(C1choline, final
volume, 7 ml; pH 6.9; temperature, 25 °C. At the times indicated in the figure, samples were
taken, centrifuged and analysed as described under Materials and Methods. O—C, choline;
0—0CJ, betaine; A— A, betaine aldehyde; A, 1%C-labeled compounds in the matrix; B, 19C-labeled
compounds in the medium.

0 6 7

betaine, from leaving the mitochondrion. This results in a severely inhibited
choline oxidation compared with uncoupler stimulated oxidation, when most pro-
ducts are found outside the mitochondria8. The betaine is firmly enclosed within the
mitochondrial inner membrane, because the suspension can be diluted with cold
sucrose and washed without appreciable loss of betaine, whereas by the same tieat-
ment most choline is removed. In subsequent experiments betaine-loaded mitochon-
dria were prepared by incubation under conditions of Fig. 1, followed by dilution with
cold sucrose and reisolation. It was verified by paper chromatography in each case
that more than go % of the intramitochondrial C label was betaine.

In Fig. 2A the effect of several additions on the efflux of betaine from betaine-
loaded mitochondria is shown. There is a marked increase in efflux in the presence of
2,4~dinitrophenol in a concentration that also stimulates the overall oxidation of
choline. The effect of 2,4-dinitrophenol is duplicated by other uncouplers such as
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP}, 5-chloro, 3-feri-butyl,
2'-chloro,4'-nitro-salicylanilide (S-13) and lauric acid. In each case excessive concen-
trations of the uncoupler (although these concentrations did rot exceed usual uncoup-
ling concentrations for oxidation of substrates) resulted in diminished efflux, up to
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Fig. 2. Effiux of betaine from mitochondria at different ‘“‘energy states’. Betaine-loaded mito-
chondria (1.5 mg protein/ml and 2.1 mg protein/ml, in Expts zA and 2B, respectively) were
incubated in a medium containing 175 mM sucrose, 10 mM glucose, 1 mM MgCl,, 5 mM potassium
phosphate buffer (Expt 2A) or 185 mM sucrose and 5 mM potassium phosphate buffer (Expt 2B).
Final volume, 5 ml; temperature, 25 °C; pH 7.0. At different times samples were taken and
analysed for betaine as described under Materials and Methods. Additions: A. V-V, 1t mM ATP,
O~ 0, no addition; A—A, 5 1.U. hexokinase; [1— (1, 20 yM 2,4-dinitrophenol. B. ¥v—v;
no additions; 0—0, 1 mM ATP and o0.85 ug oligomycin per mg protein; A—4, 1 mM ATP,
0.85 ug oligomycin per mg protein and 20 uM 2,4-dinitrophenol; V-—¥, 0.85 ug oligomycin per
mg protein; @—mM, 20 uM z,4-dinitrophenol; @—@, ¢.85 ug oligomycin per mg protein and
20 uM 2,4-dinitrophencl. Oligomycin, if added, was present 2z min before starting the experiment.

50 9% at the highest concentrations tested. On the other hand, ATP slightly inhibits
the slow efflux of betaine. Combination of these results suggest an effect of the energe-
tic condition of the mitochondria on the rate of betaine efflux, i.e. a rapid efflux under
low energy conditions. However, this is contradicted by the fact that in the presence of
hexokinase — which also should lower the mitochondrial energy content — there is no
increase in betaine efflux, as compared to the control. In Fig. 2B it is shown even more
markedly that it is not the energetic condition that regulates the betaine efflux. When
ATP, oligomycin and z,4-dinitrophenol are added the efflux of betaine is slow
although this is certainly a low energy condition.

The enhancement of betaine efflux by 2,4-dinitrophenol is dependent on the
presence of phosphate (Fig. 3A). The effect of phosphate is partly duplicated by mers-
alyl, whereas the combined addition of phosphate and mersalyl leads to an interme-
diate rate of betaine efflux (Fig. 3B). These effects correspond nicely with results found
when choline oxidation was measured (Ridder, J. J. M. de, unpublished): optimal
oxidation required the presence of both an uncoupler and phosphate®. The probable
reason for the effect of mersalyl is that this compound inhibits phosphate movement
across the mitochondrial membrane and thereby under these conditions maintains a
bigh intramitochondrial level of phosphate!®.

At this stage of the investigation it became apparent that conditions leading to
betaine efflux in some respects were reminiscent of those leading to efflux of adenine
nucleotides from mitochondria as reported by Meisner and Klingenberg?t. To test
this idea further we measured the betaine efflux in the presence of bongkrekic acid, a
specific inhibitor of both exchange!?.13 and leakage of adenine nucleotides from mi-
tochondria®. Indeed, bongkrekic acid inhibits the betaine efflux completely (Fig. 44),
even in the presence of phosphate and an uncoupler. Also the addition of extramito-
chondrial adenine nucleotides markedly inhibits the uncoupler-stimulated betaine
efflux (Fig. 4B).
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Fig. 3. Influence of phosphate on betaine efflux. Betaine-loaded mitochondria (3.2 mg protein/m]
in Expt 3A and 3.9 mg protein/ml in 3B) were incubated in a medium containing 185 mM sucrose
and 5 mM Tris-MOPS buffer at a temperature 0. 25 °C and a pH of 7.0. Final volume, 5 ml.
Samples were taken as described under Materials and Methods. Additions: A. 0—¢, 1 mM ATP;
®—@. 20 uM 2,4-dinitrophenol; g—0, 1 mM ATP and 5 mM phosphate; B-—8, 20 uM 2,4-
dinitrophenol and 5 mM phosphate; B. 0—0, 20 uM 2,4-dinitrophenol; @ —@, 20 uM z,4-
dinitrophenol plus 28 nmoles mersalyl per mg protein; [J--1, 20 uM 2,4-dinitrophenol, 28 nmoles
mersalyl per mg protein and 5 mM phosphate; B—®&, 20 4M 2,4-dinitrophenol plus 5 mM phos-
phate. Mersalyl, if added, was present 2 min before starting the experiment.
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Fig. 4. The effects of bongkrekic acid and adenine nucleotides on betaine eflux from mitochondria.
Betaine-loaded mitochondria (4.1 mg protein/ml in Expt 4A and 2.4 mg protein/ml in Expt 4B)
were incubated in a medium containing 185 mM sucrose and 5 mM potassium phosphate buffer,
at a pH of 7.0 and a temperature of 25 °C. Final volume, 4 ml. Samples were taken as described
under Materials and Methods. Additions: A. 00—, 1 mM ATP + 10 uM bongkrekic acid;
B—@, 1 mM ATP 4 10 uM bongkrekic acid -~ 20 gM 2,4-dinitrophenol; ©—0, no addition;
®—®. rouM bongkrekic acid; A—A, 10 uM bongkrekic acid + 20 uM 2,4-dinitrophenol;
V—V. 20 uM 2,4-dinitrophenol; B. g—g, 20 #M 2, 4-dinitrophenol; 0—o0, 20 uM 2,4-dinitro-
phenol + 1 mM AMP - 1.6 ug oligomycin/mg protein; @ —@, 20 puM 2,4-dinitrophenol + 1 mM
ADP -- 1.6 ug oligomycin/mg protein; (J—0J, 20 uM 2,4-dnitropheno! + 1 mM ATP + 1.6 ug
oligomycin/mg protein. Bongkrekic acid and oligomycin, if added, were present 2z min before
startingy the experiments.

In Table I the adenine nucleotide efftux under our experimental conditions is
given. Comparison with the results given in Figs 2—4 shows good correlation between
adenine nucleotide efflux and betaine efflux. Evidently the mitochondrial membrane
becomes permieable toward betaine only under conditions when adenine nucleotides
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TABLE I | i
EFFLUX OF ADENINE ,NUCLEOTIDES FROM RAT-LIVER ,MITOCHONDRIA »

Betaine-loaded mitochondria (9.1 mg/ml) were incubated in a medium comparable to that nor-
mally used for measuring betaine efflux, containing 185 mM sucrose. Additions as indicated in
the table. pH 7.0; temperature, 25 °C; incubation time, 3 min; final volume of each incubation,
1 ml. Samples were taken and adenine nucleotides were measured as described in Materials and
Methods. In Incubation 6 160 mM sucrose was replaced by 8o mM KCl. Bongkreki d or

mersalyl, if added, was present 2 min before starting the experiments. Results are expressed as
nmoles/mg protein. ' a B

Addition ATP ADP AMP Total
1. None 4-3 5.0 6.0 5.3
2. 2,4-Dinitrophenoi (20 uM) v 0.8 49 5.3 11.0
3. 2,4-Dinitrophenol 4+ P; (5 mM) 0.9 0.7 3.1 4.7
4. 2,4-Dinitrophenol + mersalyl (32 nmoles/mg protein) 0.6 2.0 3.0 5.6
5. 2,4-Dinitrophenol + P; 4 bongkrekic acid (10 uM) 0.6 6.4 6.4 13.4
6. 2,4-Dinitrophenol ++ Py + KCI (8o mM) 0.7 0.6 3.1 4.3

also leak out. We wish to point out, however, that this is not a gencralized non-specific
leakage, because i: is inhibited for instance by bongkrekic acid.

To gain more understanding of the actual mechanism by which betaine is trans-
ported out of the mitochondria, we tested whether its metabolic precursors could
stimulate its efflux. As can be seen in Fig. 5 neither betaine aldehyde, nor choline can
increase the rate of betaine effiux under the conditions tested. Even betaine itself
cannot exchange with intramitochondrial betaine so as to produce an increased rate
of loss of label. Thus, the mechanism of betaine movement must be very different
from that of the better known anion translocators in the mitochondrial inner membra-
ne, that act as exchange-diffusion carriers?s.
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Fig. 5. Effect of added choline, betaine aldehyde and betaine on betaine effiux. Betaine-loaded
mitochondria (2.0 mg proteinjml) were incubated in a medium containing 185 mM sucrose, 5 mM
potassium phosphate buffer; pH 7.0, temperature, 25 °C. Final volume, 5 ml. Samples were taken
as described under Materials and Methods. Open symbols: plus 1 mM ATP; closed symbols:
plus zo uM 2,4-dinitrophenol. 0~ Cand @—-@, no addition; I —0 and B—@&, 10 mM choline;
A—pA and A—A, 10 mM betaine aldehyde; V—V and ¥—V¥, 10 mM betaine.

Fig. 6. Inhibition of betaine efflux by K+. Betaine-loaded mitochondria {1.9 mg proteinfml) were
incubated in a medium containing 2.5 mM potassium phosphate huffer, 20 uM 2, 4-dinitrophenol
and sucrose to adjust the osmolarity to 185 mosM. Samples were taken as described under
Materials and Metheds. Additions: 0—0, 75 mM KCl; @ —@&. <o mM KCi; 7—7, 15 mM KCl;
A—n, 5 mM KCl; O—0O, no addition.
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Since thereis a marked effect of cations on uncoupler-stimulated choline oxida-
tion by rat-liver mitochondria!® (Ridder, J. J. M. de, unpublished), it was of interest
to test the effect of the cationic composition of the medium on betaine eflux. In Fi ig.
6 an experiment is shown in which sucrose was replaced by KCl. From other experi-
ments we know that it is K+ and not Cl- that is effective in inhibiting choline oxida-
tion (Ridder, J. J. M. de, unpubhshed) A number of other monovalent cations (cho-
line+, Na* and Tris+ in concentrations of 80 mM) were tested. They all inhibited
betaine efflux tc the same extent as they inhibited choline oxidation. The inhibitory
effect of these cations was partly overcome by high concentrations of phosphate, also
in agreement with findings in metabolic experiments.

Mg?2+ also inhibits betaine efflux and so does La?+. The concentrations at which
the uncoupler-stimulated betaine efflux was inhibited completely were 20 and 1 mM,
respectively. However, at a Mg?+ concentration of 5 mM, which inhibits choline oxi-
dation at least 95 %, no or nearly no inhibition of betaine efflux was found.

The effect of temperature on the uncoupler-induced betaine efflux is very marked.
At 0 °C hardly any efflux was observed. The Q,, value of the’process is approximately
3. Since adenine nucleotide efflux also has & very high temperature coefficient??, it is
hard to say at present which step is primarily responsible for the high Q¢ value of
betaine efflux: adenine nucleotide efflux or betaine efflux itself.

Twomain factors appear to govern the rate of betaine efflux from mitochondria.
First, the betaine efflux is inhibited strongly by the presence of high concentrations of
monovalent cations in the surrounding medium. Secondly, only conditions leading to
an efflux of adenine nucleotides from mitochondria show an increased rate of betaine
efflux. These results point to betaine etflux from the mitochondrial matrix as a limiting
step in choline oxidation.

This means that in the cell, which contains a high concentration of K+ and also
appreciable concentrations of adenine nucleotides, leakage of betaine from the mi-
tochondria will be practically impossible. Choline oxidation therefore will be slow also
and wasteful breakdown of choline — required as a building block for phospholipids —
is prevented.

MATERIALS AND METHODS

Rat-liver mitochondria were isolated according to the method of Hogeboom?s,
as deccribed by Myers and Slater?®.

Protein was determined according to Cleland and Slater?®.

Separaticn of mitochondria from incubation mixtures by centrifugation—filtra-
tion was performed according to the method of Werkheiser and Bartley?! as modified
by Harris and van Dam?2.

ATP; ALP and AMP were determined according to the method described by
Williamson anc. Corkey®.

MC-labeled choline, betaine aldehyde and betaine were separated by paper
chromatography as described by Wilkens.

4C-labeled compounds were measured by liquid scintillation counting in a
mixture of toluene and ethanol (3:1, v/v) containing 50 mg POPOP and 4 g PPO per L.

[U-C]Choline was obtained from New England Nuclear. Choline and betaine
were obtained from British Drug Houses. Betaine aldehyde was a gift from Drs F. M.
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Kaspersen. Bongkreklc acid was a glft from Prof Dr G. W M Lljmbach O]lgomycm
was obtained from Sigma Chemical Company.
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