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SUMMARY 

The conditions under which acetoacetate is oxidized by kidney and heart mito- 
chondria have been studied. By means of specific inhibitors it has been possible to 
study the organization of acetoacetate-activating systems i.e., the 3-ketoacid CoA- 
transferase reaction and the CoA ligase reaction. The former reaction is arsenate sen- 
sitive and ATP independent, the latter, which is ATP dependent, is compartmented 
in two different sites. The oxidation of acetoacetyl-CoA produced at one of these sites 
is carnitine dependent and appears to be disconnected from the oxidation site. 

Preliminary evidence has been obtained that  the enzyme responsible for the 
reversible transfer of the acetoacetyl radical from carnitine to CoA is identifiable with 
the short-chain acetylcarnitine transferase. 

IN TRODUCTION 

Acetoacetate is metabolized by several mammalian tissues in different ways. 
Although liver mitochondria efficiently synthesize acetoacetate, there is virtually no 
capability for the oxidation of aeetoacetate 1. In kidney and heart mitochondria, on 
the other hand, the presence of 3-ketoacid CoA-transferase (succinyl-CoA:3-oxoacid 
CoA-transferase, EC 2.8.3.5) 2 permits rapid oxidation of acetoacetate. 

In the present communication evidence is presented indicating that  direct 
acetoacetate activation is possible in mitochondria from kidney and heart. 

MATERIALS AND METHODS 

Mitochondria from 25o-3oo g Wistar strain albino rats were prepared essentially 
by the procedure of SCHNEIDER 3. Heart  and kidney mitochondria were isolated in 
0.25 M sucrose containing 2" lO -2 M EDTA (pH 7.4). The chelating agent was omitted 
in the final suspension which consisted only of 0.25 M sucrose. Rats  were fasted 15 h 
before the livers were removed. 

Oxygen uptake was measured with a Clark oxygen electrode as described by 
KIELLEY AND BRONK 4, or manometrically using differential manometers. 

Carnitine acetyltransferase (EC 2.3.1.7) was prepared from pigeon breast muscle 
by the procedure of CHASE et al. 5. 
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The rate of generation of acetyl-CoA from acetylcarnitine and CoA was mea- 
sured using the citrate synthase assay system of OCHOA 6. Cuvettes contained, in a 
final volume of i ml: IOO #moles of Tris-HC1 buffer (pH 8.o), 4 #moles of EDTA, 
I #mole of NAD +, 4.5/,moles of DL-malate, o.2 Mmole of CoA, 5 units of malate de- 
hydrogenase (EC 1.1.1.37 ) and o.14 unit of citrate synthase (EC 4.1.3.7). The reacti~m 
was started by the addition of the transferase preparation and of acetyl-( )-carnitine. 
The increase in absorbance at 34 ° m/z was followed. 

The rate of generation of acetoacetyl-CoA from acetoacetyl-(- %earnitine and 
CoA was measured by following NADH disappearance in a coupled system with 
3-hydroxyacyl-CoA dehydrogenase (EC I . I . I .35  ). Cuvettes contained, in a final 
volume of I nd: IOO pmoles of Tris HC1 buffer (pH.8.o), 4 pmoles of EDTA, o.2 pmole 
of NADH, o.2/~mole of CoA and o.6 unit of 3-hydroxyacyl-CoA dehydrogenase. The 
reaction was started by the addition of an active transferase preparation and of acet~)- 
acetyl-( )-carnitine. Tile decrease in absorbance at 34o nv~ was followed. 

Mitochondrial ATP was measured by the method of LAI~IPRE(;HT AXl) TI-:AVT 
SCHOLD 7. 

Acetoacetate was determined by tile method of WALKER s. 
Acetoacetyl-( )-carnitine and acetoaeetyl-(H )-carnitine, as well as acetvl- 

(--)-carnitine and acetyl-(+)-carnit ine were gifts of Italseber SPA, Milano. Tile}, 
proved to be chromatographically pure in silica gel thin-layer chromatography run 
at room temperature with methanol ehlorofornl-ammonia (4 o:35:25, by vot.). 

Malate dehydrogenase, citrate synthase, 3-hydroxyacyl-CoA dehydrogenase, 
hexokinase and glucose-6-phosphate dehydrogenase were from Boehringer, Mann- 
beim. 

Atractyloside was kindly given by Professor Franco Piozzi of the University 
of Palermo, Italy.  

RESULTS 

Fig. I (Trace A) shows that  kidney mitochondria in the presence of oxaloacetate 
and 2,4-dinitrophenol readily oxidized aeetoacetate. Arsenate, in the absence of added 
inorganic phosphate, induced an immediate inhibition. I t  is conceivable that  under 
these conditions acetoacetate activation is sustained by an ATP-independent acti- 
vation process via the 3-ketoacid CoA-transferase reaction. I t  is likely that  arsenate, 
which is known to induce a rapid hydrolysis (arsenolysis) of succinyl-CoA (ref. 0), 
might in this way prevent the reversible transfer of CoA from suecinyl-CoA to aceto- 
acetate.  

In tile presence of arsenate, that  is with the 3-ketoacid CoA-transferase ap- 
parently blocked (Fig. i, Trace B), acetoacetate-dependent respiration could be 
restored by the combined addition of ATP and oligonlycin. The ATP dependence 
indicates that  a CoA ligase reaction may  be operative. 

By simultaneously inhibiting the 3-ketoaeid CoA-transferase reaction (through 
the addition of arsenate) and the CoA ligase reaction (by addition of atractyloside 
which prevents the permeation of ATP through the inner mitochondrial menl- 
branelO 13) the oxidation of acetoacetate could be restored by the combined addition 
of CoA, carnitine and inorganic phosphate (Fig. I, Trace C). Inorganic phosphate 
alone was ineffective in restoring oxidation. The oxidation of acetoacetate, which is 
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dependent on added CoA and carnitine, can be explained by assuming an external 
acetoacetate CoA ligase reaction linked to an acetoacetyl-CoA-carnitine exchange 
reaction. Similar results have been obtained with heart mitochondria. 
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Fig. I. Acetoacetate oxidation in kidney mitochondria.  The incubation mixture  contained IO mM 
Tris-HC1 (pH 7.4), 26 mM NaC1, 58 mM KC1, 6 mM MgC12. Total volume, 2 ml; temp.,  22 ° . 
The following were added at the points indicated by a r r o w s  : 8 mg of kidney mitochondrial  protein 
(MITO), o .25/ ,mole of oxaloacetate (OAA), o.o 5 /*mole of 2,4-dinitrophenol (DNP), 7/*moles of 
arsenate (As), 5/*moles of acetoacetate (AcAc), io ug  of oligomycin (OLIGO.), 7/*moles of ATP, 
1.5 /,moles of atractyloside (ATRA.), 0. 3 / ,mole  of CoA, i / ,mole of DL-carnitine (CARN.) and 
3 °/~moles of Pt. 

From Table I it can be observed that oxygen uptake, measured in a Warburg 
apparatus over a longer period of time, in the presence of acetoacetate as substrate, 
together with sparking amount of oxaloacetate, was maximal under conditions (ad- 
dition of 2,4-dinitrophenol) in which only the 3-ketoacid CoA-transferase reaction 
was presumed to occur. Under conditions in which the 3-ketoacid CoA-transferase 

T A B L E  I 

STOICHIOMETRY OF ACETOACETATE DISAPPEARANCE AND OXYGEN CONSUMPTION IN KIDNEY MITO- 
CHONDRIA 

Incuba t ion  mixture  as for Fig. i, wi th  the fur ther  addition of 5 mM acetoacetate, o.12 mM oxalo- 
acetate, o.o25 mM 2,4-dinitrophenol. Where indicated, arsenate (5 pmoles), ATP (2/,moles) and 
oligomycin (5/,g) were added. Kidney mitochondrial  protein 5 mg. Total vol. I ml. Tempera ture  
25 °. Incuba t ion  t ime 3 ° min. 

Additions A cetoacetate Oxygen uptake 
disappearance (/*atoms) 
(#moles) 

None 2.7o 17.71 
Arsenate o o.65 
Arsenate + oligomycin + ATP o.75 5.41 
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reaction was inhibi ted (addition of 2,4-dinitrophenol + a r sena te -F  ATP q oligo- 
mycin) and only the CoA ligase reaction was presumably  running,  oxygen uptake  
was lower bu t  still significant, whereas it was negligible when both the 3-ketoacid 
CoA-transferase and CoA ligase reactions were inhibi ted (addition of 2,4-dinitrophenol 

4 arsenate).  
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1;ig. 2. Acetoacetylcarnitine oxidation in kidney mitochondria. Incubation conditions as for l:iq. i. 
At the points indicated by arrows the following were added: 8 mg of kidney mitochondrial protein, 
o.25/*mole of oxaloacetate, o.o 3 /zmole of 2,4-dinitrophenol, 7 ~moles of arsenate, 4/mloles of 
acetoacetyl-(--)-carnitine (Trace A) and 4 #moles of acetoacetyl-(+)-carnitine (Trace B). Ab- 
breviations: see legend to Fig. i. 

Fig. 3. Effect of acetyl-(-+ )-carnitine on acetyl-( )-carnitine oxidation (A), and of acetoacctyl- 
(--)-carnitine on acetoacetyl-( )-carnitine oxidation (B), in rat heart mitochondria. Heart mito 
chondria (3.8 mg protein) were incubated at 25 ° in a medium containing: 9.75 mM 1,L_,HP(),, 
2.25 mM KH2PO 4, 9 mM NaF, I9.5 mM NaC1, 43.5 mM KC1, 5 mM MgCI,,, 1.5 mM ADP, o.25 mM 
oxaloacetate. Final volume, 2.o ml. 

F rom the same Table I it appears tha t  disappearance of acetoacetate ahvavs 

paralleled oxygen uptake.  
As shown in Fig. 2 (Trace A), acetoacetyl-( -)-carnitine,  unlike acetoacetate, 

was oxidized by kidney mitochondr ia  even in the presence of arsenate. The (@) isomer 

was not  oxidized (Trace B). 
The influence of the u n n a t u r a l  (+ )  isomer of acetyl  carni t ine on the oxidation 

of ace ty l - ( - - ) -carn i t ine  by heart  mi tochondr ia  was examined. In  Fig. 3A, the recipro- 
cal of the ace ty l - ( - - ) -carn i t ine  concentra t ion  in the presence and in the absence of 
ace ty l - (+) -ca rn i t ine  was plot ted v e r s u s  the reciprocal of the oxidation rate. I t  appears 
tha t  acetyl-(@)-carni t ine behaves as a competi t ive inhibi tor  of acetyl-( )-carnitine 
oxidation.  In  Fig. 3 B, a similar competi t ive inhibi t ion of acetoacetyl-( )-carnitine 
oxidat ion by ace toace ty l - (+) -carn i t ine  is shown. CHASE ANI) TUBBS 14 reported a 
different inhib i tory  effect of aee ty l - (+) -earn i t ine  on aeetyl-( )-carnitine metabolism. 
Since their experiments  were performed with a highly purified enzyme preparation,  
the two results are probably  not  directly comparable.  

I t  was also found tha t  acetyl-( - )-carnitine oxidation in rat  heart  mi tochondria  
is competi t ively inhibi ted by  acetoaeetyl- (+)-ca~ni t ine  (Fig. 4A), and vice versa  

(Fig. 4B). 
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These results are consistent with the hypothesis that the transferase reaction 
between acetoacetyl-(--)-carnitine and CoA yielding acetoacetyl-CoA plus free car- 
nitine is catalyzed by the same enzyme which exchanges CoA with acetylcarnitine. 
This enzyme has also been shown by CHASE 15 to exhibit a very wide substrate speci- 
ficity. 
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Fig. 4. Effect of acetyl - (+)-carni t ine  on acetoacetyl-(--)-carnit ine oxidation (A), and of aceto- 
ace ty l - (+)-carni t ine  on acetyl-(--)-carni t ine oxidation (B), in ra t  heart  mitochondria.  Incubat ion  
mixture  as for Fig. 3. 

Preparations of acetylcarnitine transferase from pigeon breast muscle were 
carried out according to CHASE et al. 5. Fractions were tested during the purification 
with acetoacetyl-(--)-carnitine or with acetyl-(--)-carnitine as substrates. The relative 
activities with the two substrates were constant throughout, with the rate of acetyl- 
(--)-carnitine conversion about 1. 4 times that of acetoacetyl-(--)-carnitine. The Km 
for acetyl-(--)-carnitine and for acetoacetyl-(--)-carnitine with the purified enzyme 
was o.i and 0.33 mM, respectively. 

DISCUSSION 

The two fundamental mechanisms for acetoacetate activation, namely, the 
3-ketoacid CoA-transferase and CoA ligase reactions, were exhibited in intact rat 
kidney and heart mitochondria. The 3-ketoacid CoA-transferase reaction, which is 
ATP independent, proceeds spontaneously in the presence of 2,4-dinitrophenol. This 
reaction is inhibited by arsenate, which is known to produce arsenolysis of succinyl- 
CoA (ref. 9) (Fig. I, Trace A). 

In an arsenate-inhibited system it is possible to demonstrate an ATP-linked 
CoA ]igase on addition of ATP and oligomycin. From the results reported in Table I 
it appears that  acetoacetate activation occurs predominantly through the 3-ketoacid 
CoA-transferase reaction and significantly also through the CoA ligase reaction. Since 
the CoA ligase reaction is specifically inhibited by atractyloside (Fig. I, Trace C), it 
is concluded that  the CoA ligase responsible for acetoacetate activation is operative 
internally to the atractyloside barrier ("internal CoA ligase"). Moreover a second 
acetoacetate CoA ligase ("external CoA ligase") is located externally to the atrac- 
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tyloside barrier. Indeed, as depicted in Fig. 5, in the atractyloside-inhibited system 
the oxidation of acetoacetate is still possible provided that CoA, ATP, inorganic phos- 
phate and carnitine are added (Fig. I, Trace C). 

oul,er m e m b r a n e  i nne r  m e m b r a n e  
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Vig. 5. Proposed scheme for the organization of acetoacetate activation in kidney mitochondria. 
CA RN., carnitine : AcAc, acetoacetate ; SUCC.CoA, succinyl-CoA. 

Such a situation resembles that already described for long-chain fatty acids in 
liver~6 2o and kidney mitochondria 2~, and implies an exchange reaction between aceto- 
acetyl-CoA, which is formed outside the atractyloside barrier, and carnitine (carnitine 
acetoacetyltransferase). Acetoacetylcarnitine, unlike acetoacetyl-CoA, permeates 
through the mitochondrial barriers and transports the activated acetoacetyl radical 
to the site of its oxidation. 

The present research makes it likely that carnitine acetoacetyltransferase, an 
enzvme which has a prominent position in the metabolic pathway of acetoacetate 
metabolism, is identical with carnitine acetyltransferase. The identity of the two 
enzymes appeared both from the cross inhibition experiments in intact heart mito- 
chondria (Fig. 4) and from experiments with the purified enzwne from pigeon breast 
muscle. 

ACKNOXVLEI)GEMENTS 

We wish to thank Mr. Antonio Toninello for valuable technical assistance. This 
work was supported by the Consiglio Nazionale delle Ricerche, Roma, Italy. 

R t ' ; F E R E N C E S  

I D. E.  GReEX AND D. VV. ALLr4A>'~,', in D. M. GREENBERC, Metabolic Pathways, Vol. 2, A c a d e m i c  
Press ,  N e w  Y ork ,  I968 ,  p. 29. 

2 J. R. STERN, hi. J. C o o n  AND 2k. DEE CAMPILLO, J. ]~iol. Chem., 22i  (1956) i .  

Biochim. Biophvs. Acla, i8o (1969) 237-243 



MITOCHONDRIAL ACETOACETATE METABOLISM 243 

3 W. C. SCHNEIDER, in W. W. UMBREIT, R. M. BURRIS AND J. F. STAUFFER, Manometric Tech- 
niques, Burgess Press, Minneapolis, 1957, p. 188. 

4 W. W. KIELLEY AND J. R. BRONK, J. Biol. Chem., 230 (1958) 521. 
5 J- F. A. CHASE, J. D. PEARSON AND P. K. TUBBS, Biochim. Biophys. Acta, 96 (1965) I62. 
6 S. OCHOA, in D. SHEMIN, Biochemical Preparations, Vol. 5, John  Wiley, New York, 1957, P. 19. 
7 W. LAMPRECHT AND I. TRAUTSCHOLD, in H. U. BERGMEYER, Methods o/Enzymatic  Analysis, 

Verlag Chemie, Weinheim, 1963, p. 543. 
8 P. G. WALKER, Biochem. J., 58 (1954) 699. 
9 D. R. SANADI, D. M. GIBSON, P. AYENGAR AND M. JACOB, J. Biol. Chem.: 218 (1956) 505 . 

io M. KLINGENBERG AND E. PFAFF, in J. M. TAGER, S. PAPA, E. QUAGLIARIELLO AND E. C. SLATER, 
Regulation of Metabolic Processes in Mitochondria, Elsevier, Amsterdam,  1966, p. 18o. 

i i  P. V. VIGNAIS AND E. D. DUEE, Bull. Soc. Chim. Biol., 48 (1966) 1196. 
I2 A. BRUNI, in J. M. TAGER, S. PAPA, E. QUAGLIARIELLO AND E. C. SLATER, Regulation o/ 

Metabolic Processes in Mitochondria, Elsevier, Amsterdam,  1966, p. 18o. 
13 H. H. WINKLER, F. L. BYGRAVE AND A. L. LEHNINGER, J. Biol. Chem., 242 (1968) 20. 
14 J. F. A. CHASE AND P. K. TUBBS, Biochem. J., 99 (1966) 32. 
15 J. F. A. CHASE, Biochem. J., lO 4 (1967) 51o. 
16 C. R. RossI ,  L. GALZIGNA AND D. M. GIBSON, in J. M. TAGER, S. PAPA, E. QUAGLIARIELLO 

AND E. C. SLATER, Regulation oflVIetabolic Processes in Mitochondria, Elsevier, New York, 1966, 
p. 143. 

17 S. G. VAN DEN BERGH, in J. M. TAGER, S. PAPA, E. QUAGLIARIELLO AND E. C. SLATER, Regu- 
lation of Metabolic Processes in Mitochondria, Elsevier, New York, 1966, p. 125. 

18 D. W. MATES, D. SHEPHERD AND P. B. GARLAND, Nature, 209 (1966) 1213. 
19 C. R. RossI ,  L. GALZIGNA, A. ALEXANDRE AND D. M. GIBSON, J. Biol. Chem., 242 (1967) 21o2. 
20 S. G. VAN DEN BERGH, in E. QUAGLIARIELLO, S. PAPA, E. C. SLATER AND J. M. TAGER, Mito- 

chondrial Structure and Compartmentation, Adriatica Editrice, Bari, 1967, p. 4oo. 
2I C. R. RossI ,  A. ALEXANDRE AND L. SARTORELLI, European J. Biochem., 4 (1968) 31. 

Biochim. Biophys. Acta, 18o (1969) 237 243 


