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1. Introduction 

In rat liver the enzymes long-chain fatty acyl CoA 
synthetase (fatty acid CoA ligase (AMP), EC 6.2.1.3) 
and glycerol phosphate acyltransferase (acyl CoA-sn- 
glycerol 3-phosphate 1-acyltransferase, EC 2.3.1.15) 
are found in both the outer membranes of mitochon- 
dria and the microsomal fraction [l-4]. It has been 
shown that the mitochondrial and microsomal glycerol 
phosphate acyltransferases are distinct isoenzymes [5] 
but it is not yet clear whether they carry out different 
metabolic roles. The partitioning of fatty acids between 
esterification and oxidation is controlled by diet and 
by hormones [6,7]. P-Oxidation is primarily a mito- 
chondrial process (although it may also occur in 
peroxisomes [S]). The properties ofthe mitochondrial 
fatty acyl CoA synthetase and glycerol phosphate 
acyltransferase may be of considerable importance 
in the control of fatty acid metabolism in liver. In 
this report I present evidence indicating that both 
fatty acyl CoA synthetase and glycerol phosphate 
acyltransferase lie on the inner surface of tl1e outer 
mitochondrial membrane. 

2. Materials and methods 

2.1. Materials 

Trypsin (TPCK-treated) was obtained from 
Worthington Biochemical Corp., Freelzold, NJ 07728. 
Soyabean trypsin inhibitor and palmitic acid were 

obtained from Sigma (London) Chemical Co., Poole, 
Dorset . ADP, NADP, hexokinase and glucose 6-phos- 

phate dehydrogenase were obtained from the 
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Boehringer Corp. (London) Ltd, Lewes, Sussex. 
[9,10-3H]Palmitic acid was obtained from the Radio- 
cllemical Centre, Amersham, Bucks. The sources of 
other reagents were as described in [5,9]. 

2.2. Assay methods 

Glycerol phosphate acyltransferase was assayed 
as in [S]. Fatty acyl CoA synthetase was assayed using 
[ “Hlpalmitic acid [lo]. Rotenone-insensitive NADH- 
cytochrome c reductase [ 1 l] and adenylate kinase 
[ 121 were assayed by standard methods. Protein was 
estimated using the method in [ 131. 

2.3. Preparation of mitochondria and incubations 
with trypsin 

Male Wistar rats (-200 g) deprived of food over- 
night were used in all experiments. Liver mitochon- 
dria were prepared and washed as in [ 141. A particle- 
free supernatant was prepared by centrifugation of 
the post-mitochondrial supernatant at 100 000 X g 
for 60 min. Mitochondria were resuspended in either 
isotonic medium (0.25 M sucrose, 5 mM potassium 
phosphate, 0.1 mM EDTA? 1 mM dithiothreitol 
(pH 7.5)) or hypotonic medium (0.025 M sucrose, 
5 mM potassium phosphate, 0.1 mM EDTA, 1 mM 
dithiothreitol, (pH 7.5)) as in [ 1 I]. Samples of 
resuspended mitochondria were incubated at 30°C 
for 5-- 10 min and then trypsin (5 mg/ml in 1 mM 
HCl) was added to give the final concentrations 
indicated in the text. After various times aliquots 
were removed and an excess of soyabean trypsin 
inhibitor (inhibitor:trypsin 3:1, w/w) was added. 
The samples were stored at 0°C and assayed for 
enzyme activity within 30 min. 
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3. Results and discussion 

Studies on the accessibility of mitochondrial 
enzymes to trypsin in isotonic and hypotonic con- 
ditions have been used to indicate whether they are 
located on the outer surface of or within the outer 
mitochondrial membrane [ 11 ,I 51. Rotenone-insen- 
sitive NADIR-cytochrome c reductase is located on 
the outer surface of the outer membrane whereas 
adenylate kinase is located in the inter-membrane 
space [11.14]. Figures la,d show the results of con- 
trol experiments in which the sensitivities of adenylate 
kinase and rotenone-insensitive NADII-cytochrome c 

1:ig.l. The effect of trypsin on enzyme activities in mito- 

chondria. Mitochondria were prepared and incubated with 

trypsin as in section 2. In (a)-(c) the final concentration of 

trypsin was 0.04 mg/ml and in (d) it was 0.01 mg/ml. In 

each case the concentration of mitochondrial protein xvas 

4 mg/ml. The mitochondria were suspended in either iso- 

tonic medium (2) or hypotonic medium (=). The enzymes 

assayed were: (a) adenylate kinase; (b) glycerol phosphate 

acyltransfcrase; (c) fatty acyl CoA synthase; (d) rotenone- 

insensitive NADH-cytochrome c reductase. Control cxpcri- 
ments showed that in each case < 5% of the total activity 

was lost if trypsin was omitted from the incubation. 

reductase, respectively, to inactivation by trypsin 
were examined. The adenylate kinase was completely 
resistant to trypsin in mitochondria incubated under 
isotonic conditions. However, when the mitochondria 
were incubated under hypotonic conditions, -60 -65% 
of the total adenylate kinase activity was rapidly 

destroyed by trypsin. Clearly the protease cannot 
cross the outer membranes of mitochondria incubated 
in isotonic conditions. The rotenone-insensitive 
NADH-cytochromc c rcductase activity was destroyed 
rapidly by trypsin in both isotonic and hypotonic 
media, as would bc expected for an enzyme located 
on the outer surface of the outer membrane. 

Figures 1 b ,c show the effects of trypsin on glycerol 
phosphate acyltransferase and fatty acyl CoA syn- 
thase, respectively. When the mitochondria were 
incubated in isotonic conditions sonic 10 IS’%’ of 
each activity was destroyed by trypsin. However 
under hypotonic conditions both enzymes were 
rapidly and cxtensivcly (> 80%) destroyed by trypsin. 
A semilog plot for the inactivation of glycerol phos- 
phate acyltransferase was linear to > 90% inactiva- 
tion, whereas the corresponding plot for the inactiva- 
tion of fatty acyl CoA synthase was linear only over 
the first 30% of the inactivation. 

These results indicate that only -10% of the gly- 
cerol phosphate acyltransfcrase and fatty acyl CoA 
synthase activities were accessible to trypsm in mito- 
chondria incubated in isotonic medium. To assess the 
degree to which the outer mitochondrial membranes 
were damaged during isolation, the proportion of the 

total adenylate kinase’activity that was recovered in 
the 100 000 X g supernatant fraction was measured. 
Over a series of 4 experiments this proportion was 
9 + 4% (mean f SD). The proportions of glycerol 
phosphate acyltransferase and fatty acyl CoA synthase 
that were susceptible to trypsin were estimated to be 
12 It 5% and 10 ? 5%*, respectively. I interpret these 
results as indicating that -90% of the mitochondria 
were isolated with their outer membranes intact. The 
glycerol phosphate acyltransferase and fatty acyl CoA 
synthase in these mitochondria are inaccessible to 
trypsin. The remaining 10% of the mitochondria had 
sustained damage to their outer membranes and had 
lost all their adenylate kinase. The acyltransferase 
and synthase in these damaged mitochondria were 
accessible to trypsin. 

It is evident from fig.la that even in mitochondria 
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incubated under hypotonic conditions -35% of the 
adenylate kinase activity was resistant to inactivation 
by trypsin. This is surprising in view of the fact that 
> 80% of the glycerol phosphate acyltransferase and 
fatty acyl CoA synthase activities were susceptible 
to trypsin. It may indicate that under these conditions 
some of the adenylate kinase is membrane-associated 
and resistant to trypsin. After incubation in 2 mM 
EDTA, > 90% of the adenylate kinase in rat brain 
mitochondria was found [ 151 to be inactivated by 
trypsin. I have confirmed these results using rat liver 
mitochondria (not illustrated) but I found that incu- 
bation in 2 mM EDTA was not suitable for a study 
of glycerol phosphate acyltransferase, because in 
these conditions the enzyme lost activity quite 

rapidly even in the absence of trypsin. 
The results presented above indicate that the 

glycerol phosphate acyltransferase and fatty acyl CoA 
synthase activities of the outer mitochondrial mem- 
brane lie on the inner surface of this membrane. This 
may have important implications for the control of 
hepatic fatty acid metabolism. The branch-point 
between esterification and P-oxidation is at the level 
of the enzymes glycerol phosphate acyltransferase 
and ‘outer’ carnitine palmitoyltransferase. Fatty acid 
oxidation has been suggested to be regulated by inhibi- 
tion of the latter enzyme by malonyl CoA [ 161. This 
enzyme is believed to be loosely attached to the outer 
surface of the inner mitochondrial membrane [16&l 81. 
Since both fatty acyl CoA synthase and glycerol phos- 
phate acyltransferase seem to be located on the inner 
surface of the outer membrane, it appears that the 

fate of hepatic fatty acids may be decided in the 

inter-membrane space. This implies that the mito- 
chondrial glycerol phosphate acyltransferase is more 
important than the microsomal isoenzyme in the con- 
trol of lipid synthesis. This view is supported by the 
observation that the activity of the mitochondrial 
enzyme but not the microsomal enzyme is affected 
by insulin and in diabetes [ 19,201. 
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