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1. Introduction 

The sulphur derivatives of camitine have not been 
studied since the brief statement in 1970 [l] that 
D,L-thiocamitine stimulates the mitochondrial oxida- 
tion of pahnityl coenzyme A, a characteristic prop- 
erty of camitine itself, while its acetyl derivative, 
D,L-ATC is a substrate for the exchange enzyme, 
CAT. We have therefore studied further the proper- 
ties of these two substances and now report on their 

behaviour as camitine analogues and the effect of 
adding them to rat heart mitochondria. 

2. Materials and methods 

Rat heart mitochondria were prepared as in [2] 
and used within 1 h of preparation. Proteins were 

assayed by a biuret method [3]. Other assays are as 
shown in the figures and table. CAT and other 
enzymes necessary were purchased from Boehringer, 
Mannheim. D,L-Thiocarnitine and D,LATC were 
donated by Sigma Tau Ltd., Rome. The buffer used 
(except where otherwise mentioned) was 0.125 M KC1 

containing 20 mM Tris-HCl (pH 7.4) and 0.1 mM 
EDTA. 

Abbreviations: D,L-ATC,D,LSacetylthiocarnitine; CAT, 
camitine acetyl transferase (EC 2.3.1.7); DTNB, 5,5’- 
dithiobis(-2ktrobenzoic acid); FCCP, carbonyl cyanide 
p-trifluoromethoxyphenyl hydrazone 
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3. Results 

The two sulphur analogues of camitine and acetyl- 
carnitine were examined as substrates in the reaction 

catalysed by CAT [4]: 

Acetylcarnitine t Coenzyme A =+ 

Acetylcoenzyme A t Camitine 

The results (fig.1) show that ATC substitutes for 
L-acetylcarnitine in the forward direction and gives a 
similar rate and equilibrium constant, whereas D,L- 
thiocarnitine, when used in place of camitine in the 
backward reaction, is a far less effective substrate. 
CAT is known [6] to be inhibited by both Dcamitine 

and D-acetylcamitine and one explanation for our 
results may be that D-thiocamitine, when present at 
high initial concentration, is also an inhibitor whereas 
D-ATC is not. 

These findings are of speCia1 interest when con- 
sidering the behaviour of the two analogues upon 
addition to rat heart mitochondria. D,L-T’hiocamitine 
added at 20°C in the presence of FCCP, pyruvate and 
malonate gives no stimulation of oxygen uptake. 
Moreover the stimulation normally obtained with 
camitine under these conditions [7] is inhibited 
somewhat by D,L-thiocamitine, whether added before 
or after camitine (fig.2). In contrast, D,GATC, 

when added as an oxidisable substrate to rat heart 
mitochondria, together with FCCP and malate, 
induces an oxygen consumption which is hardly less 
than that obtained with Lacetylcamitine itself [8]. 
Thus, in two assays at 20°C and using an initial 
concentration of 5 mM, oxygen consumptions were 
from Lacetylcarnitine and D,L-ATC, respectively 
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Fig-l. Comparison of ~e.beha~our of carniGne substrates 
with their sulphur derivatives in the reaction catalysed by 
CAT. CAT (2 W/ml medium) was added to deaerated 0.1 M 
phosphate buffer (pH 7) containing EDTA (0.5 mM) and: 
either coenzyme A (0.5 mM) with D,L-ATC (1 mM) or 
Lacetylcarnitine (0.5 mM); or acetylcoenzyme A (0.25 mM) 
with D,L-thiocamitine or Lcarnitine (0.5 mM). After incuba- 
tion at 3O’C for the times indicated, samples (2 ml) were 
acidified to 0.8% (w/v) in perchloric acid. After subsequent 
neutral&&on with KOH, acetylcoenzyme A concentrations 
were assayed [ 51. Coenzyme A solutions were standardized 
~rn~iateiy before incubation with DTNB [9] and acetyl- 
coenzyme A as above. SmaB gains or losses in the iatter after 
~cubation were subtracted. Equ~b~um co&ants are cal- 
culated in the direction shown in the text assuming that the 
D-forms ate inactive. A vahre for #$ with acetyicoenzyme A 
and carnitine of 0.6 has been reported [6]. 

CoNTROLX 

\ 

CONTROLx 

L- CARNITINE UOrfW \ OL-THIOCARNITINE 

Fig.2. Effect of thiocarnitine and carnitge on oxygen uptake 
by rat heart mitochondria. Mitochond~ (2.5 mg prote~~ml 
medium) in buffer containing FCCP (2 nM), pyruvate (1 mM) 
and malonate (1 mM) were incubated with stirring at 20°C 
in the chaniber of a CIark-type oxygen electrode with the 
addition of carnitine or thiocamitine as indicated. 
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Fig.3. Assay of thiol formation from D,L-ATC. To 1 ml 
buffer containing D,L-ATC (1.25 mM), DTNB (0.2 mM) and 
FCCP (2 nM) was added 2 mg mitochondrial protein. The 
extinction increase at 4 12 nm was read against a blank con- 
taining the mitochondria in buffer with FCCP. 

(nmol . min-’ . mg protein-‘), 13 + 2.25 and 
10.5 C 1.25. The finding that ATC is readily oxidised 
implies that free thiocamitine is released. Formation 
of this substance is easily followed by assaying the 
rate of production of new thiol groups using the 
DTNB reagent 191. This formation has been observed 
continuously by incubating mitochondria with ATC 
in the presence of DTNB (fig.3). It can also be fol- 
lowed discontinuously by precipitating the mito- 
chondrial proteins before adding the reagent. 

The release of thiol from ATC by rat heart mito- 
chondria requires the ava~ab~ity of free mitochon- 
drial coenzyme. A. This is shown by preincubat~g 
mitochondria with acetoacetate and 2-oxoglutarate 
under conditions shown [lo] to trap the coenzyme 
as its acetoacetyl derivative. Thiol formation on the 
subsequent addition of ATC is then inhibited by 
X0%. The effect of L-camitine and L-acetylcarnitine, 
respectively, on the release of thiol from ATC has 
also been determined and Dixon plots (fig.4) show 
that both substances are competitive inhibitors of the 
reaction. However a much more potent inhibitor is 
L-p~itoylc~itine which exhibits noncompetitive 
kinetics (not shown) with Ki 0.3 mkl. 

When D,L-ATC is added to rat liver mitochondria 
instead of those from rat heart, there is little release 
of thiol nor is there any significant oxygen uptake: 
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similar results have been reported far L-acetylcamitine 
and attributed to the fact that rat diver rni~~~h~ndr~a 
have only 1 .I 9% of the act&&y of rat heart mito&n- 
dria 13 I]. 

A 

Fig.4 Dixon plots showing the inhibition by L~cetylcsrnitine 
or LcarnRine of thiol formation from D&-AK, Mitochon- 
dria (2.5 mg protein/ml medium) were added to buffer con- 
Gaining FCCP (2 nM), D,L-ATC (5 mM) and the inhibitor 
shown. After incubation at 30°C for 4 min 1 ml samples were 
acidified to 0.6% (w/w) in perchloric acid Thiol formed was 
calculated from the increase in extinction at 412 nm f93 
after adding 0.5 ml DTfiB <I mMf containmg 05 M phos- 
phare buffer ipN 73. Vahres obtained after incubating cart- 
trols lacking, r~~~~e~~~ ~o*o~~a and ATC were added 
together and subtracted from the rest. 

Table 1 
Second order v&&y GOl'istan% fi?r ibe reaction of xZ,L-A’PC 

with varkua acceptors 

Coenzyme A 9X.3 * 12 
Glycine 4.7 
p-Aminoknzob add 1.7 
Aspartic aQid 1.3 
Carnitine Nil 
Phosphoric add Nil 

When coenzyme A was the acceptor, D,L-ATC was added at 
2@C in ~e~~o~e buffbr fpIf 7.8) with varying initial 
~n~n~~o~s of coenz$me A to the system used for assay- 
Lng the fo~a~o~ of a~t~~n~rne A fS f- C~~~~o~ 
of the assay enzymes tith CAT was excluded since no acetyl- 
coenzyme A was formed when Lacefytcernithre was used in 
place of ATC. Foor the other acceptors, the rate of thiol for- 
mation was found after adding D,L.-ATC together with DTNB 
(0.5 mM) to P solution at 20°C of the acceptor in Ma-NCI 
buffer (pH 7.4). Thiol formed without the acceptor present 
was subtracted 

XTC passesses tsansacetylating activity, Thus it 
forms acetylcoenzyme A from coenzyme A mm- 
enzy&c&y ;rt a law rate ~~~~~~t under the 
~~~~t~~ns offii.1) and, as judged by the release of 
thio5 in the presence of ~~tent~~ acee@ixs, is also 
ab3e to a~~~~~te &cine and other amino acids 
(table 1). 

4. Discussion 

ATC, determined as an effective substrate for 
CAT, is metabohsed by heart mitochondria, The reac- 
tion is ~~~~e~e~~y followed by measuring the rate 
of f~~a~~~~ of t&l groups ~~~at~ng from the 
reTeased ~~~~~~~e~ This release is abated by 
traces rn~~~ch~ffd~a~ cozyme A. B&h L-acetyli- 
car&tine and L-camitine are competitive inhibitors, 
These findings taken together are strong evidence that 
heart mitochandria can handle ATC in the same way 
as they handle acetyl camitine, i.e., by enzymic 
transacetyhxtion on to endogenous coenzyme A. 
Although nonenzymic transacetylation has been 
observed it is difficult to account for the competitive 
kinetics or tire low activity with liver mitochorrdda 
if it is other than of minor importance. The powexfti 
~~b~t~~n obtained witfr ~-~~~t~y~~~~e, which 
is not a substrate and d#es not affect the activity of 
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CAT [ 121, may be due to its trapping coenzyme A as References 
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the palmitoyl derivative; alternatively the entry of 
ATC into the matrix may require, like L-palmitoyl- 
carnitine, the operation of the carnitine translocase 
system [13,14]. 

The results suggest that D,L-ATC, because of the 
ease and accuracy of assaying thiol groups, may be a 
suitable reagent for the further study of acetyl group 
metabolism in mitochondria. 
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