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1. In~odueti~n 

The majority of mitochondrial proteins are syn- 
thesized in the cell cytoplasm and subsequently 
transported to their sites of action in the mitochon- 
drion. It is now established that synthesis and trans- 
port are not contemporaneous events, in distinction 
to the biosynthesis of secretory proteins, and that 
cytoplasmic pools of translation products exist. It 
appears that those products are in some cases precur- 
sors of the native proteins carrying N-terminal exten- 
sion and in other cases not [l-3]. 

Aspects of the problem of mitochondrial biogene- 
sis that are obscure at present include the mechanism 
by which cytoplasmically synthesized proteins are 
selectively transported into the organelle. To study 
this problem we have carried out in vitro experiments 
using the mitochondrial (mAAT) and the cytoplasmic 
(cAAT) isozymes of aspartate aminotransferase, a 
pair of structurally related proteins both of which are 
synthesized in the cytoplasm but which differ in their 
subcellular localization [4]. Using a variety of differ- 
ent experimental approaches we have shown that iso- 
lated mitochond~a interact only with the mitochon- 
drial isozyme, the nature of interaction depending on 
experimental conditions [S-8]. 

In a suspension of low ionic strength, the inter- 
action is predominantly one of binding of mAAT to 
the outer surface of the mitochondria. At higher ionic 
strength, this external binding is abolished and uptake 
of the isozyme into the organelle could be demon- 
strated [6]. In none of the experimental systems cited 
above have we until now used one of the most widely 
accepted criteria for demonstration of sequestration 
of proteins in organelles, namely, resistance to pro- 

teases of the imposed proteins 191. The results of 
such experiments are reported here. 

2. Materials and methods 

Details of techniques used to demonstrate external 
binding or uptake of mAAT into mitochondria have 
been reported [5,6]. Variations in the conditions are 
given in the legends to the tables and figure. The 
sample of radiolabeled mAAT used here had an activ- 
ity of 18 000 cpmlpg in the counting system of 161. 
The proteases trypsin, chymotrypsin and pronase 
were purchased from Merck. 

3. Results and discussion 

The first experimental system used (table 1) 
involved incubation of organelles with native mAAT 
under conditions where the enzyme is either pre- 
dominantly bound to the outer face of the mito- 
chondria (IO mM Tris-HCl) or where uptake is the 
majar event (20 mM Tris-HCl). The two processes 
are distinguished by measuring enzyme activity asso- 
ciated with the organelles after collection by cen- 
trifugation, either in the absence (externally bound 
enzyme) or presence (externally bound plus internal 
enzyme) of Triton X-100. Under conditions where 
only uptake is thought to occur, no enzyme activity 
could be detected externally bound after sedimenta- 
tion of the mitochondria, but the activity measurable 
after lysis with Triton X-100 was higher than in the 
control where no mAAT had been added; the differ- 
ence between the two assays represents enzyme 
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Effect of pronase or trypsin + chymotrypsin on binding and uptake of native mAAT in rat liver mitochondria 

Total enzyme activity 

10 mM Tris-HCl (binding) 20 mM Tris-HCl (uptake) 

Pellet suspended Pellet resuspended Pellet suspended Pellet resuspended 
without Triton with Triton without Triton with Triton 

Control with mitochondria alone 

Mitochondria + AAT 
Additions: 
None 
Pronase 
Trypsin + chymotrypsin 

- 4.95 _ 4.83 

1.15 6.42 0 5.5 
0 5.58 0 5.5 
0 5.58 0 5.4 

Rat liver mitochondria (2.1 ‘mg protein) were incubated in a medium containing 0.25 M sucrose, 1 mM EGTA, 10 mM or 20 mM 
Tris-HCl (pH 7.3) in the presence of 14 pg mAAT (total enzyme activity = 6.4). The mixture was then incubated for 20 min, at 
23°C with pronase (300 pg/ml) or with trypsin and ~l~ymotrypsin (250 fig of each/ml). After incubation, mito~hondria were col- 
lected by centrifugation; enzyme assays were carried out on the pellet suspended in presence and absence of Triton X-l 00. Enzyme 
activity is expressed in arbitrary units 

imported into the organelles (-10% of that added 
externally). When proteases were added to the incu- 
bation medium there was no decrease in the enzyme 

activity measurable after treatment with detergent 
showing that the extra enzyme activity compared 

with the control was inaccessible to protease attack. 
It should be noted that in control experiments not 

reported here in detail, 30-40% of mAAT was 
digested by the protease after incubation under the 

conditions in the table 1 as judged by loss of activity of 
the native isozyme or decrease in radioactivity pre- 
cipitable by trichloroacetic acid in the case of the 
radiolabeled enzyme; this incomplete digestion is con- 

sistent with the known resistance to proteases of the 
native enzyme. The same percentage of digestion was 

found using higher concentrations of proteolytic 
enzymes (up to 600 p+/ml pronase, 500 pg/ml trypsin 
plus 500 gg/ml chymotrypsin). Moreover the same 
percentage of digestion was found with the endoge- 
nous enzyme, that is in a control experiment in which 
the mitochondria have been lysed with detergent 
before the addition of proteases at the same concen- 
trations. 

The results in table 1, under conditions favouring 
external binding of mAAT to mitochondria, are of 
particular interest. in the absence of proteases, -20% 
of the added mAAT activity could be detected exter- 
nally bound as judged by assay in the absence of 
Triton X-100. This externally bound enzyme was 
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completely destroyed by proteases. Two points 
should be noted. 

6) 

(ii) 

All the externally bound enzyme was inactivated 
by proteases whereas incubation of the native 
mAAT with proteases under the same conditions 
resulted in only a 30-40% inactivation (see 
above); it is tempting to speculate that this 

increased susceptibility to proteolysis of mAAT 
bound to mitochond~a, is the result of a confor- 
mational change consequent on binding. 

After treatment with proteases, the total enzyme 
activity measurable in the presence of Triton 

X-100 was higher than that of the control mito- 

chondria to which mAAT had not been added. 
This shows that under conditions favouring 
external binding of the isozyme, a substantial 
uptake into the mitochondria had also occurred. 

We were not able to demonstrate this previously 
with certainty because the large amount of 
externally bound enzyme obscured the effect [6]. 

The second system that we have devised to mea- 
sure uptake of mAAT into mitochondria involves the 
use of radiolabeled enzyme. Protease resistance of 
imported mAAT has been examined using this system 
also (table 2). Again considering no first conditions 
where external binding is absent, the mitochondrial 
pellet after incubation with radiolabeled mAAT 
showed a radioactivity of 15 590 cpm, that is -9% of 
the radioactivity added. This radioactivity was largely 
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Table 2 
Effect of pronase or trypsin + chymotrypsin on binding and uptake of labeled mAAT in rat 

‘liver mitochondria 

Additions Radioactivity associated with mitochondria 

10 mM Tris-HCI (binding) 20 mM Tris-HCl (uptake) 

cpm % control cpm % control 

None 43 261 100 15 594 100 
Pronase 12 541 29 13 410 86 
Trypsin + chymotrypsin 13 845 32 12 781 82 

Rat liver mitochondria (2.8 mg protein) were incubated in a medium containing 0.25 M sucrose, 
1 mM EGTA, 10 mM or 20 mM Tris-HCI (pH 7.3) in the presence of 10 r.~g enzyme (18 000 
cpm/rg). The mixture was then incubated for 20 min, at 23°C with pronase (300 pg/ml) or 
with trypsin and chymotryp~n (250 pg of each/ml). After incubation, mitochondria were col- 
lected by centrifugation and the radioactivity associated with the mitochondria was measured 

insensitive to added proteases. The small decrease in 
measured radioactivity compared with the control 

was probably due to damage of the mitochondria on 
prolonged incubation with proteolytic enzymes and 
consequent leakage of the sequestered enzyme. Under 

conditions favouring external binding, 25% of the 
added radioactivity remained associated with the 
mitochondrial pellet after incubation without prote- 

ases. In the presence of proteases 70% of this radio- 
activity was found to be sensitive. By analogy with 
the results in table 1, we take this to mean that after 
incubation with isozyme in a medium containing 

10 mM Tris-HCl buffer, 70% of the associated 

isozyme was externally bound to the mitochondria 
(protease-sensitive) and 30% had been taken up into 

the organelles (protease-resistant). It should be 
pointed out that in repeated experiments, the precise 
amount of uptake of enzyme and the ratio between 

uptake and binding varied, probably depending on 
variability in mitochondrial preparations, but the 
broad feature was always the same. 

The last system employed was one which allows 
measurements of the amount of intramitochondrial 

AAT activity in intact mitochondria. In brief, mito- 
chondria are incubated in an appropriate medium to 
which aspartate is added. After a time sufficient for 
the accumulation of this substrate, 2-oxoglutarate is 
added. Transport of this substrate into the organelles 
provides the complete substrate pair. Catalysis by 
AAT produces oxoaloacetate as one of the products 
and this is reduced by endogenous malate dehydro- 
genase with concomitant oxidation of NADH. This 
last process may be monitored by observation of a 

decrease in the fluorescence of NADH. We have pre- 

viously presented detailed arguments in support of 

the view that this method provides a true measure of 
intramitochondrial AAT activity and that the increase 
of the rate of change of fluorescence observed on 

adding mAAT to the system is due to an uptake of 
the enzyme into the mitochondrial matrix [5]. The 

results in fig.1 show that this increase in rate of 
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Fig.1. Insensitivity of incorporated enzyme to pronase. The 
mitochondria (2.1 mg protein) were preincubated for 20 min 
either with no additions (A), with 270 rg pronase/mi (C), 
with 8 @g mAAT (B) or with 8 @g mAAT followed 1 min 
later by 270 c(g pronaselml (D). Substrates were then added 
In the sequence shown and the resulting fluorescence changes 
were measured. 
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change of fluorescence is insensitive to pronase. In 

(A) and (B) mitochondria were incubated at 23°C for 
20 min either in the absence or presence of pronase 

before measurements of the rate of change of fluores- 

cence; no effect of pronase could be observed. In (C) 

mAAT was added at the beginning of the incubation 

period. After 20 min, the rate of change of fluores- 

cence was measured and was 31% greater than that of 
the controls. In (D) pronase (270 pg/ml) was added 
1 min after mAAT and again the rate of change of 

fluorescence was found to be 33% greater than in the 

controls; that is, enzyme sequestered in the mito- 

chondria was insensitive to proteases. As a check on 

efficiency of proteolysis and on the integrity of the 
mito~hond~a after incubation with pronase, mito- 
chondria were removed from each incubation mixture 

at the end of experiment and the supernatants tested 
for AAT activity. No activity was found in (A) or (C) 
showing that no leakage of endogenous enzyme had 

occurred. Comparison of(B) and (D) shows that the 
remaining external AAT was inactivated by 30% by 
action of the pronase showing that pronase was effec- 
tive in partially digesting the added mAAT. In sum- 
mary, using three different experimental systems, it 
has been shown that mAAT added to suspension of 
mitochondria is taken up into the organelies as judged 

by protease resistance. It has also been shown that, 

whereas native mAAT is only partially digested by 
proteases under the conditions used here, enzyme 
bound to the outer surface of the mitochondria is 

completely digested. The increased sensitivity to pro- 

teases on binding is suggestive of a conformational 
change. Hence as a working hypothesis, it may be 

proposed that the sequence of events involved in 

import of mAAT into mitochondria may be inter- 

action with the mitochondrial surface accompanied 

by a conformational change, passage through the 

membrane system and then reversion to the native 
state. Whether these events also involve dissociation 

of the dimeric enzyme into monomers remains to be 

established, as indeed do other molecular aspects of 
the process; knowledge in this area is limited so far 

to the fact that blockage of a single reactive sulphy- 

dry1 groups in mAAT prevents uptake into mitochon- 

dria [7]. 
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