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SUMMARY 

The main product  of uncoupler-s t imulated oxidation of choline by rat-hver 
ml tochondr la  is betalne, which is found almost exclusively extramltochondrial ly  
The uncoupled oxidation of choline is st imulated by ln t ramltochondr la l  phosphate.  
The effect of mtramltochondr ia l  phosphate is to induce adenine nucleotide efflux, 
which m its turn allows the efflux of betalne from the mltochondrla .  

INTRODUCTION 

Rat-liver ml tochondr la  oxidize chohne either st imulated by uncouplers of 
oxidative phosphoryla t ion 1-3 or under  State-3 condit ions 4-s .  Al though Jelhnek 
et  al. 9 and Yue et  al. 1° found betame aldehyde as the product  of mltochondrial  
choline oxidation, others showed directly 3'° 8,~ or indirectly 12'~3 that rat-liver 
ml tochondr ia  also can oxidize chohne to betame. Recently we demonstrated that un- 
der State-3 condi t ions  the main product  of mltochondrial  choline oxidation is betalne 
and that this is accumulated in the matrix space 8. Under  these condit ions the oxida- 
tion rate is relatively low 4'8. 

The uncoupler-s t imulated choline oxidation is much faster 1'2 and Ls measured 
best in phosphate-conta ining media 14. We suggested that phosphate influences betame 
efflux from the mltochondrlal  matrix 8 and this could result m enhanced choline 
oxidation 

In this investigation we studied some parameters of uncoupled choline oxi- 
dat ion including the effect of phosphate. 

Abbreviations. CCCP, carbonyl cyamde m-chlorophenylhydrazone, FCCP, carbonyl cyanide 
p-trlfluoromethoxyphenylhydrazone, TTFB, 4,5,6,7-tetrachloro-2-trlfluoromethylbenzlmldazole; Tn- 
cme, Trls(hydroxymethyl)methylglycme, S-13, 5-chloro-3-t-butyl-2'-chloro-4'-mtrosahcylamhde, 
MOPS, morphollnopropane sulphomc acid, TES, N-trls(hydroxymethyl)methyl-2-ammoethane 
sulphomc acid 
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M A T E R I A L S  A N D  M E T H O D S  

Rat-liver mltochondrla were isolated according to the method of Hogeboom 15 
as described by Myers and Slater 16 

Loading of mltochondria with 14C-labeled adenine nucleotides was achieved 
according to Out et al.17 

Protein was determined according to Cleland and SlateP s. 
Phosphate was determined according to Wahler and Wollenberger 1~. 
Separation of mltochondria from incubation mixtures for analysing the 

content of the mltochondrlal matrix was achieved by centrifugation-filtration 
according to the method of Werkheiser and Bartley 2° as described by Hams and Van 
Dam 21. The lower layer consisted of 15 oo perchloric acld. The volume of the matrix 
space, when not determined t, ta ~4C-labeled sucrose and 3H20, was assumed to be 
1 l~l per mg protein. The sucrose-impermeable space was 20 o~, of the total volume 
spun down through the silicone layer as measured by aH20. 

14C-labeled choline, betalne and betalne aldehyde were separated via paper 
chromatography according to Wilken 11 When the supernatant fraction had to be 
analysed ~t was acidified immediately after centrlfugation. After chromatography the 
papersheets were scanned with an Actlgraph III, Nuclear Chicago and after cutting, 
the compounds were counted via liquid scintillation counting in toluene-ethanol 
(3 : 1, v/v) containing 50 mg POPOP and 4.0 g PPO per 1. 

In order to obtain mitochondrlal fractions that contain only choline dehy- 
drogenase or betalne aldehyde dehydrogenase activity we followed the procedure of 
Felnberg et al. 12, at pH 7 0. Mltochondria used for these experiments were washed 
with 0.25 M sucrose in order to avoid contamination of mitochondrlal betalne 
aldehyde dehydrogenase with extramitochondrial enzyme 7. The particle and super- 
natant fractions were dialysed overnight to remove phosphate and NAD + 

Oxygen uptake was measured with a Clark oxygen electrode fitted in a ther- 
mostatted vessel with a volume of 1.66 ml. When also an H + electrode was used the 
volume of the vessel was 2.5 ml. Stirring was performed with a magnetic stirrer. 
The vessel was closed with a glas stopper with a narrow inlet to avoid back diffusion of 
oxygen into the solution. All additions were made through this stopper and were 
mlmmal in volume. Unless stated otherwise, the oxygen consumption is corrected for 
consumption in the absence of added substrate 

[U-t4C]Chohne and [U-~4C]betalne were obtained from New England 
Nuclear. aH20 from Phllips Duphar and choline and betalne from B. D H. Oligo- 
mycln and antlmycln A were obtained from Sigma Chemical Company. Betalne 
aldehyde was a gift from Drs F. M. Kaspersen. 

RE S U LTS 

Locahzation o f  chohne dehydrogenase and betame aldehyde dehydrogenase 
We found that the reduction of the non-permeant anion ferrlcyanide by 

chohne, in the presence of intact rat-liver mitochondria is inhibited for more than 
90 o/ by antlmycln A. In the presence of somfied imtochondria this inhibition is 
60 %. These results are comparable to those obtained with succinate as a substrate, 
indicating that the active centres of both chohne dehydrogenase and succlnate de- 
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hydrogenase are located at the same side of the m~tochondrial tuner membrane, t . e .  

the tuner s~de zz. 
Betalne, produced during chohne oxidation by intact rat-hver imtochondrla 

concewably could be formed by an enzyme attached to the outside of the mltochon- 
drml membrane. This, however, seems very unhkely because only m the m~tochondrial 
matrix NAD +, necessary for betaine aldehyde dehydrogenation ~°, ~s present. Fur- 
thermore, betame aldehyde is formed in the matrix space and also ~ts ox~datlon 
product, betame, is found there under State-3 conditions. Finally, sem~carbazide does 
not influence chohne o,~dat~on by intact rat-hver m~tochondrm, but mh~bits when 
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Fig 1 Influence of  uncoupler  on chohne oxidat ion and its influence on the dis t r ibut ion of  the prod- 
ucts Rat-hver  ml tochondna ,  1.4 mg protein (A), 4 3 mg protein (B-E),  were incubated m a med ium 
conta in ing 185 m M  sucrose and 5 mM phosphate ,  pH  7 0, temp. 25 C. Expt  A was carr ied out m an 
oxygraph vessel as described m Matermls and Methods. Chohne  chloride concentrat ion was 10 m M  
and concentra t ions  of  2 ,4-dmltrophenol  were added as indicated.  C ) - Q ,  somfied mt tochondna ,  I1-11, 
intact  ml tochondna .  Expts  B-E were carried out m a final volume of  5 ml Apa r t  from the reagents 
ment ioned  above, 1 mM chohne was present plus 2 0/tCl 1 4 C _ l a b e l e  d chohne. At  different t imes sam- 
ples of  0 9 ml were taken and analysed for 14C-labeled compounds  as described in Materials  and 
Methods  In the exper iment  m B and D 20 p M  2,4-dmlt rophenol  was present:  m the exper iment  m C 
and E 2 0 0 # M  In B and C, products  m the m e d m m  are shown;  in D and E, the metabohtes  m the 
matrix space. Q - C ) ,  chohne;  A - A ,  betame, rI-F__], betame aldehyde 
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the mltochondrm are aged 13 or sonified, indicating again that in intact rat-liver ml- 
tochondrm betalne ~s not generated outside the mitochondria. 

Products o f  chohne oxidation 
Under State-3 conditions the main product of mltochondrlal choline oxidation 

is betaine and thls is found m the matrix space 8. Also under uncoupled conditions the 
main product is betaine (Fig. 1), but in this case there is formed 5-10 times as much 
and it is found in the extramltochondrlal space. In most experiments small amounts of 
betame aldehyde are found under uncoupled conditions. Others 3'5'7 showed that 
under some conditions mltochondria produce large amounts of  betalne aldehyde as a 
product of choline oxidation. In these experiments, however, the incubation time was 
at least 30 rain, instead of 5. We could confirm the production of larger amounts of  
betaine aldehyde in long term experiments. This, combined with the fact that somfied 
mltochondna also produce betame aldehyde as a product, suggests that prolonged 
incubation causes the loss of  a permeability barrier for betame aldehyde. 

Opttmal conditions for uncoupled choline oxidatton 
All uncouplers of oxidative phosphorylatlon tested [2,4-dlnltrophenol, 

carbonyl cyanide p-trlfluoromethoxyphenylhydrazone (FCCP), 4,5,6,7-tetrachloro- 
2-trlfluoromethylbenzimidazole (TTFB), laurylamlne, laurlc acid, 5-chloro-3-t-butyl- 
2'-chloro-4'-mtrosalicylanllide (S-13) and dicumarol] stimulate choline oxidation, 
although at relatively low concentrations. At higher concentrations choline oxidation 
by intact mltochondrla is severely inhibited, up to 80 ° o in all cases tested (see Fig. 
IA). The inhibition is non-competitive with respect towards substrate. The h,,, 
for choline is 1.2 mM (-  0.4 mM S.E. of  mean, 10 measurements). Above 20 mM 
substrate inhibits markedly. 

Potassium inhibits chohne oxidation competitively (K, 7 raM), supporting 
the suggestion of Wllhams 1 that K + inhibits choline oxidation eta inhibition of its 
uptake. Other monovalent cations (Ll +, NH~ +, Na +, ornlthlne +, Tns  + ) and nearly 
all tested divalent cations (Mg 2+, Mn z+, Zn 2+, Ba 2+ ) also inhibit. More than 90 o 

o 

inhibition in the latter cases is already brought about by 1 mM of these salts. Calcium, 
as Williams results already suggested ~, does not lnhlblt. 

hlhthltlon oJ choline oxtdatlon hy htgh uncoupler concentratton 
When the uncoupler concentration exceeds a concentration less than is optimal 

for oxidation of other substrates, choline oxidation is already inhibited (Fig. IA) 
The enzymes choline dehydrogenase and betalne aldehyde dehydrogenase, isolated 
according to Felnberg et al 12 (see Matermls and Methods) appeared to be no more 
sensitive to high uncoupler concentrations than are other mltochondrlal enzymes 23. 
This fits with the fact that aged or somfied mltochondrla are not influenced very 
much by 10 times the uncoupler concentration that inhibits freshly isolated mlto- 
chondria (Fig. IA). On the other hand, m intact mitochondrla in the presence of 
phenazlne methosulphate and catalase (not shown), when the electrons from choline 
do not follow the electron-transport chain, but can be transferred directly from the 
dehydrogenase to oxygen L ta phenazme methosulphate, high uncoupler concentrations 
inhibit severely 

In Figs l B-I E the localization of the products of choline oxidation at optimal 
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and inhibitory uncoupler concentration is shown. The formation of betaine is in- 
hibited approximately 80 °o/, but the formation of betaine aldehyde ~s shghtly stim- 
ulated by 200ttM 2,4-dinitrophenol (compare Figs IB and IC) resulting m 65 o,, 
inhibition of oxygen uptake under these conditions, in agreement with Fig. l A. 
Under both conditions the amounts of mtramltochondrial betaine aldehyde and 
betame are very low and also the intram~tochondnal concentration of choline ~s not 
influenced very much. 

Sttmulatton by phosphate of uncoupled choline oxidation 
The stlmulatton of uncoupled chohne oxidation by phosphate TM is partly 

duplicated by arsenate, but not by other amons tested, including malonate, up to 
50 mM, and acetate, up to 40 mM. 
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Fig 2 The effect of  mtra-  and ext ramltochondmal  phosphate  on choline oxidation.  Mttochondma 
were incubated m an oxygraph vessel at pH 6 9, at  30 C The medium contained 185 m M  sucrose, 
20ffM 2,4-dmKtrophenol and 5 r a M  MOPS buffer (A) At  the t ime indicated m the figure 10 raM 
chohne Js added Trace 1, the incubat ion contained 5 mM phoqphate,  Trace 2, the mztochondna are 
premcubated with 40 nmoles mersalyl per mg protein,  Trace 3, phosphate  was present, and thc mlto- 
chondr la  were p remcuba ted  with mersalyl (B) 10 mM choline is added at the time indicated Trace 1, 
no further addi t ion;  Trace 2, 40 nmolcs mersalyl per mg protein were added at the time indicated,  
Trace 3, the medium contained 5 mM phosphate ,  Trace 4, the medium contained phosphate  aild mer- 
salyl ,has added during the incubat ion {C) 10 m M  choline, was present in thc medLum. Trace I, 40 
nmoles mersdlyl per mg protein were added at the t ime indicated,  Trace 2, 5 0 mM phosphate  was 
added at the t~me indicated,  Trace 3, both mersalyl and phosphate  were added (D} 10 mM choline 
'has present in the medium. Trace 1, no addi t ion,  Trace 2, 200 nmoles ATP were added ,it the t~me 
indicated,  Trace 3, 40 nmoles  mersalyl  per mg protein ~ere  added at the time indicated m the hgure,  
Trace 4, both ATP and mersalyl were added 
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This means that the stimulation is specific for phosphate and structurally 
related anions and is not due to the non-specific action of a permeant anion. 

Mersalyl, an Inhibitor of phosphate translocatlon m mltochondrla 24, also 
stimulates chohne oxidation to about the same extent as phosphate does (Fig. 2A) 
Adding phosphate together with mersalyl does not give further stimulation. For 
just-maximal stimulation 22 nmoles mersalyl per mg protein are reqmred. When 
mersalyl is added during chohne oxidation it has no influence, neither m the absence 
nor m the presence of phosphate (Fig. 2B). When phosphate ms added during the 
incubation ~t stimulates choline oxidation, and mersalyl prevents this, although not 
completely (Fig. 2C). When, however, after mersalyl a small amount of ATP is added, 
choline oxidation is again stimulated (Fig. 2D), presumably by the phosphate 
generated in the matrix vta the uncoupler-stimulated mtramltochondrxal breakdown of 
ATP. That the uncoupler-stimulated ATPase indeed plays a role is shown by the fact 
that the effect Is ohgomycm-sensltlve and that AMP does not duphcate the effect of  
ATP. Thus, lntramitochondnal phosphate stimulates chohne oxidation 

We measured the mtram~tochondrml phosphate concentration under con- 
d~tlons of rapid choline oxidation i .e. after preincubat~on w~th mersalyl or after ad- 
dition of mersalyl and subsequent addition of ATP (F~g. 3) The amount of mersalyl 
stimulating choline oxidation maximally does not completely prevent but only ln- 
h~b~ts phosphate efflux. For complete inhibition of phosphate efflux from the m~to- 
chondrm much more mersalyl is required. Also phosphate, generated in the matrix 
space ~ia uncoupler-stimulated ATPase, leaves the m~tochondrla rapidly m the 
presence of an amount of  mersalyl that stimulates chohne oxidation maximally 

Although it does not appear to be necessary that phosphate remains present 
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Fig. 3. Int ramltochondnal  phosphate concentration at low and high choline oxidation rates. Rat-hver 
mltochondrla, 4 mg protein per ml incubation m~xture, were incubated m a medium containing 
185 mM sucrose, 5 mM Tr ls -MOPS buffer and 10 mM chohne chloride At different times samples 
were taken and analysed for phosphate as described m Materials and Methods Q - O ,  no addition, 
~ - O ,  20#M 2,4-dlnttrophenol, l - m ,  20 / tM 2,4-dlnUrophenol, ml tochondna  were premcubated 
with 40 nmoles mersalyl per mg protein during 2 mln. A - A ,  20/~M 2,4-dlmtrophenol, premcuba- 
t~on with 200 nmoles mersalyl. ~7 _*/ ,  A - A ,  Q-73, mersalyl added at the time indicated m the figure 
~ 7 - ~ ,  7 5 nmoles ATP; ~ - ~ ,  2.5 nmoles ATP, ~1 ~1, 0 6 nmole ATP. The values m brackets indi- 
cate maximal chohne oxidation observed, at this amount  of  ATP. 
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in the mi tochondna l  matrix dur ing chohne oxidation,  the amoun t  of  A T P  added 
and therefore the amoun t  o f  phosphate  generated in the matr ix space (Fig. 3) is 

important .  Hal f -maximal  s t imulat ion was obtained by ad&t lon  o f  3.3 nmoles A T P  
per mg protein. This corresponds with a maximal  internal phosphate  concentra t ion o f  
4 m M  When we compare  this with the K,, for  s t imulat ion by added phosphate  (3 raM) 

also measured at 10 m M  potassmm, we see good agreement.  Also, the more  A T P  

is added the earlier the maximal  internal phosphate  concentra t ion is reached and the 

earher the choline oxidat ion starts after addi t ion of  A T P  and the earlier its max imum 
rate is reached. 

Once this max imum is reached it does not  change for several minutes, even 

though the ml tochondna l  phosphate  concentra t ion  has long returned to its initial 
value. The t ime of  ad&t lon  of  choline has no influence, even if it is added after phos- 
phate activation. 

Durmg  chohne oxidat ion m the absence of  phosphate,  after 5 min about  
2 nmoles betaine per mg protein are accumulated.  Betalne aldehyde is not  present in 

measurable amounts .  It ~s notewor thy  that  mi tochondrm do not accumulate  as much 

betame under these condlt lons as in State-3. In the medium less than 0.2 i tM  betalne 
was found after 5 ram, so a gradient of  10 000 was budt  up, indicating that both 

phosphate  and uncoupler  are needed for betaine efflux (see also ref. 8) 

TABLE I 

LOSS OF ADENINE NUCLEOTIDES FROM THE MrTOCHONDRIAL MATRIX UNDER 
VARIOUS CONDITIONS 

4C-labeled adenine nucleotldes-loaded rat-hver mltochondrla (4 0 mg per ml lncubanon mixture) 
were incubated in a medium containing 185 mM sucrose, 5 mM MOPS-TNs, 20/~M 2,4-dmltrophenol 
and 10 mM chohne chloride. Termination of the reaction v~as achieved by centrlfugatlon-filtratlon 
(see Materials and Methods) Mersalyl (60 nmoles per nag protein), when added, was added 3 mm 
after starting the reaction ATP (12 nmoles per mg protein), when added, 3 mm 30 s after starting 
the reacDon Ollgomycln (2 leg per mg protein) in Expt 5 was present in the medium Final pH 6 9, 
temp 25 C The amount of adenine nucleotldes present in the matrix at 3 rain after starting the reac- 
tion was taken as 100 o~ 

Evpt Addmons Loss oJ 14C_labele d ademne nu¢leot:des 
Jrom the matrix (°o) :n 90 s 

I - 28 
2 Mersalyl 5 I 
3 ATP 54 
4 Mersalyl, ATP 92 
5 Ohgomycln, mersalyl, ATP 36 

We have shown already that  in the presence o f  uncoupler  plus  phosphate,  or 
uncoupler  plus  mersalyl there is a loss of  adenine nucleotides f rom the matr ix space 8 
as is also suggested by the results o f  Drese125 and Slekevitz and Potter  26. In Table  I 
it is shown that  addi t ion of  A T P  after mersalyl during an Incubation in the presence 
o f  chohne not only stimulates choline oxidatIon (see Fig. 2D) but also stimulates 
ademne nucleotlde efflux in an oligomycin-senslt lve way. 90 s after addit ion of  a 
small amount  of  A T P  almost  all adenine nucleotides have disappeared f rom the 
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matrix, whereas in the control experiments still half of  the adenine nucleot~des (or 
more) is retained, 

D I S C U S S I O N  

The results described m this paper support our earlier conclusion 8 that the 
rate of  chohne oxidation by rat-liver mitochondrm is regulated by the rate of  efflux 
of  Its oxidation product, betame, from the matrix. 

The specific stimulation by phosphate of  uncoupled choline oxidation can be 
attributed to a specific stimulation of  adenine nucleotlde efflux by a combination of 
intramitochondnal phosphate plus an uncoupler. It is remarkable that the adenine 
nucleotide efflux can even be brought about through intramltochondrlal hydrolysis 
of  added ATP, especmlly if a low concentration of  mersalyl as present (see Table 1). 

That these conditions do not simply lead to swelhng and aspeclfic leakage of  the 
mltochondrm follows from the observations that: (1) the mltochondria retain a low 
permeability for betalne aldehyde and, (n) the betame aldehyde is almost quanti- 
tatively further oxidized to betame, indicating that N A D  has not leaked from the 
mltochondna.  

How the loss of  adenine nucleotldes from the mltochondnal matrix leads to 
permeability of  the membrane for betame is a matter of  further investigation. 
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