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1. Introduction

The pathway of fatty acid oxidation in mitochon-
dria was first suggested in outline by Knoop [1].
Oxidation occurs by successive iterations of a se-
quence of four reactions. Each iteration results in the

release of an acetyl-CoA molecule following the pos-

tulated formation of a- unsaturated, -hydroxy, and
B-keto acyl-CoA intermediates. Dakin [2,3] was able
to detect some of these compounds (excreted as free
acids) during the oxidation of w-phenyl fatty acids,
but studies with ordinary fatty acids have failed to
detect an accumulation of intermediates in mitochon-
dria. Intravenous administration to rats of [6-14C] or
[11-'#C] paimitic acid (as triglyceride) revealed no
difference in the time of appearance of **CO, . Wein-
" man et al. [4] therefore proposed that once the pro-
cess of breakdown is initiated a palmitic acid mole-
cule is oxidised to completion without the release of
intermediates. Garland et al. [5] could account for
almost all of the mitochondrial CoA during palmi-
toylcarnitine oxidation as either free CoA, acetyl-
CoA or HCI0, -<insoluble (long-chain) fatty aovl CoA,
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and concluded that short-chain acyl-CoA interme-
diates could only occur in very small quantities (less
than 0.02 nmol/mg of mitochondrial protein). This
led to the tentative suggestion [6,7] that fatty acid
oxidation may be catalysed by a muitienzyme com-
plex. More recently, Bremer and Wojtczak [8] have

detected f-hydroxy palmitoylcarnitine formation by

mitochondria oxidising palmitoylcarnitine, but sig-

nificant quantities were only found in the presence of

free carnitine and a very high NADH/NAD" ratio.
Aqueous extracts of acetone-dried mitochondria
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have already been shown to oxidise short-chain fatty
acyl-CoA with the formation of saturated and, to a
smaller extent, 8-hydroxy acyl-CoA intermediates
[9]. This communication demonstrates the existence
of intermediates during the oxidation of palmitoyl-
carnitine by intact mitochondria.

2. Materials and methods

2.1.[16-**C] palmitoyl-L-carnitine chloride

This was prepared by a modification of the meth-
od of Chase and Tubbs [10]. In order to attain an
duequdw yleru ona bmau Scaie it was IleceSS&l’y io Ul'y
all glassware and chemicals very thoroughly before
use. [16-14C] palmitic acid was supplied by C.E.A.
(91, Gif-sur Yvette, France).

The palmitoylcarnitine was separated from un-
reacted palmitic acid and carnitine ona 3 X 1 cm
column of silicic acid (Mallinckrodt Chemical Works,

St. Louis, USA) containing 50% by weight of Hyflo
Supercel (Hopkins & Williams Ltd., Chadwell Heath,
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acid:water (4:1:5, by vol) was used as solvent and the
radioactive peak eluted from the column was shown
to be free from palmitic acid and carnitine by t.l.c. on
silica gel G(E. Merck, Darmstadt, Germany) devel-
oped in the same solvent; hydrolysis and radio—gas
chromatography gave rise to a single peak with the
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2.2. O, electrode incubations
Rat liver mitochondria were isolated, washed twice
and resuspended in 0.25 M sucrose containing 10 mM
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Tris—HCI buffer, pH 7.2. Incubations were carried
out at 18°C in an O, electrode vessel (Rank Bros.,
Bottisham, Cambs., U.K.) containing 20 mM Tris—
HCl (pH 7.2), 3.3 mM MgCl,, 3.3 mM potassium
phosphate (pH 7.0), 80 mM KCl, 40 mM sucrose,

1 mM ADP, 3.3 mM potassium malonate and 4 mg/ml
defatted bovine serum albumin. The volume of the
incubation was 3 ml and the concentration of mito-
chondrial protein was 11 mg/ml. Oxidation was
initiated by adding 144 nmoles of palmitoylcarnitine
containing 0.1 uCi of *#C and allowed to continue
until 12—-20% of the oxygen calculated to convert the
palmitoylcarnitine into acetyl-CoA had been con-
sumed.

2.3. Extraction of radioactive products

Oxidation was terminated by transferring the con-
tents of the electrode vessel, together with a wash of
1 ml of water, into 1 ml of 4 M KOH at 20°C. After
30 min 0.5 mi of 10 M HC] was added and the mix-
ture extracted 3 times with 5 ml of diethyl ether. The
ether was dried over anhydrous Na, SO, , transferred
to a new vessel and evaporated in a stream of N, . The
extracted fatty acids were then methylated in 2 ml of
14% BF 3-methanol [11] for 15 min at 50°C. After
hydrolysis of excess reagent the methyl esters were
extracted in 2 X 4 ml of n-hexane. Just before analy-
sis the hexane was evaporated and the sample dis-
solved in 0.1 ml CS,.

2.4. Gas chromatography

Separation of methyl esters was achieved in a Pye
Unicam Series 104 Chromatograph (W.G. Pye and Co.
Ltd., York Street, Cambridge, UK.) fitted with 1.5 m
X 6 mm (0.d.) glass columns containing 15% Apiezon
L coated on 80—100 mesh Phasesep N AW-BW solid
support (Phase Separations Ltd., Deeside Industrial|
Estate, Queensferry, Flintshire, U.K.). Half the sam-
ple from one incubation was injected onto the co-
lumn. 90% of the effluent gas was led through a com-
bustion tube to a gas flow proportional counter
which continuously monitored **CO,. The argon
carrier gas was supplemented with 2% propane in
order to facilitate counting, which was performed by
a Nuclear Chicago ratemeter (333, East Howard
Avenue, Des Plaines, Illinois, USA.). The remaining
10% of the effluent gas was passed through a flame
ionisation detector.
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3. Results and discussion

Fig. 1 (a) shows the gas chromatography of radio-
active products derived from the mitochondrial oxi-
dation of [16-'*C] palmitoyl-L-carnitine. The condi-
tions of hydrolysis used to extract fatty acids from
the mitochondria were designed to be quantitative for
acyl-CoA esters. These conditions were sufficiently
severe to hydrolyse about 40% of the unoxidised
palmitoylcarnitine (and also large quantities of
unlabelled fatty acid esters). Consequently the radio-
active peak with the retention time of methyl pal-
mitate is derived from both the intramitochondrial
palmitoyl-CoA, and also from residual palmitoylcar-
nitine substrate. For the sake of clarity the mass
traces have been omitted from fig. 1. In fig. 1(b) 0.13
umoles of rotenone were added prior to the substrate.

Since no free CoA or carnitine was added in either
incubation the observed intermediates presumably
existed as thioesters within the mitochondria. Oxida-
tion of palmitoylcarnitine by any broken mitochon-
dria present is unlikely to be significant in the ab-
sence of CoA and NAD [8].

It can be seen in fig. 1(a) that intact mitochondria
oxidising palmitoylcarnitine do contain considerable
quantities of saturated acyl-CoA intermediates. Suffi-
cient oxygen was consumed in this case to account
for 18% of the palmitoylcarnitine being completely
oxidised to acetyl units. The observed intermediates,
however, appear to be mainly of long chain length.
No g-hydroxy or unsaturated acyl-CoA intermediates
were observed unless rotenone was added. In
fig. 1(b), after 13% of the calculated oxidation of the
substrate in the presence of rotenone, -hydroxy and:
unsaturated intermediates have been produced, al-
though inhibition of the f-hydroxy acyl-CoA dehy-
drogenase was by no means complete.

Addition of carnitine to an incubation containing
rotenone caused the amount of §-hydroxy inter-
mediates to increase at the expense of the saturated
intermediates (data not shown). Hydrolysis in this
case was performed at 50°C in order to ensure com-
plete breakdown of carnitine esters. In the absence of
rotenone carnitine caused a large increase in the
amount of myristate, but still no -hydroxy inter-
mediates were observed.

These results demonstrate the occurrence of some
intermediates during f-oxidation in mitochondria.
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Fig. 1. Intermediates of faty acid oxidation by rat liver mitochondria. Gas chromatograms of radioactive products of
[16-14C] palmitoyl-L-carnitine oxidation by rat liver mitochondria. Flow rate of argon was 60 ml/min and the temperature
200°C. (a) Standard incubation (b) rotenone added before substrate. Standard methyl esters: 16:0; 3-OH, 16:0; 16:1 show
retention times of methyl palmitate and its g-hydroxy and 2-unsaturated derivatives. Shorter homologues are indicated similarly.

Waterson and Hill [12] suggested that enoyl-CoA mediates. The preponderance of saturated acyl-CoA
hydratase is rate limiting in the presence of acetoace- intermediates may therefore indicate that acyl-CoA
tyl-CoA, but mitochondria oxidising palmitoylcar- dehydrogenase is rate limiting in vivo, or it may re-
nitine in the presence of malonate evidently do not flect some degree of organisation of the enzymes of
contain detectable quantities of unsaturated inter- B-oxidation.
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