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The amino terminal 29 amino acids of the outcr miR~chondrial membrane protein of yeast, OMM70 (MAS70), c~msisting of the 
targeting and membrane anchor domains, has been fused to a reporter protein, dihydrofolate reductasc. The hybrid prntein, 
designated pOMD29, was efficiently imported into the outer membrane of rat heart mitochondria by a process dependent on 
ATP and protcinasc-sensitive components on the surface of the organelle, and in which tile orientation of tile native protein was 
retained. To determine if the protein translocation machinery of the inner membrane is also capable of recognizing and inserting 
pOMD29, direct access to the intermembrane space was provided to pOMD29 by selectively rupturing the mitochondrial uuter 
membrane by osmotic shock. In this system, the outer membrane binding site for matrix-destined precursor proteins can be 
bypassed, and efficient import restored to protcinase-pretrcated mitoehondria, pOMD29 was imported into the inner membrane 
of osmotically-shocked mitochundria, mediated by protein eumponcms. The outer membrane nriematinn of pOMD29 was 
conserved when inserted into the inner membrane but, unlike the outer membrane, import into the inner membrane required 
Agl. Wc conclude that the protein translocation machinery of the mitnchondrial inner membrane is capable of recognizing and 
inserting a protein whose topogcnic information otherwise results in insertion of the protein R} the outer membrane. The 
significance of these findings fnr sorting of proteins between tile mitnchondrial inner and outer mcmErancs is discussed. 

Introduction 

Two pathways appear to have evolved for the deliv- 
ery of nuclear-encoded proteins to mitochondrial mem- 
branes: the stop-transfer sorting pathway [1-7] and the 
conservative sorting pathway [7,8]. 

The conservative sorting pathway has been best doc- 
umented for proteins that arc delivered to the mito- 
chondrial intermembranc space (for a review, see Ref, 
8). Examples are the Rieske Fe-S protein [9], cy. 
tochrome b 2 [10], and cytochrome c I [10]. In all three 
cases, sorting involves initial translocation across both 
mitochondrial membranes to the soluble matrix corn- 

Abbreviations: UCP, uncoupling protein: AAC, ADP/ATP carrier: 
SBTI. soybean trypsin inhibitor; MRM. mitochondrial resuspension 
medium; pOCT, prc-ornithinc earbamoyltransferase; CCCP, car- 
bonyl cyanide m-eblorophenylhydrazone; MTPP, methyhriphenyl- 
phosphonium; DHFR. dihydrofolate reduetase; EDTA. ethylene- 
diaminetetraaeetate, sodium sail. 

Correspondence: G.C. Shore, Department of Biochemistry. McGill 
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partment, removal of the N-terminal matrix-targeting 
signal sequence from the precursor protein, and export 
to the intermembran¢ space mediated by a second 
sorting signal in the precursor. An example of an inner 
membrane protein that follows the conservative sorting 
pathway is subunit 9 of Neurospora crassa Fn-ATPase, 
a small, highly hydrophobie protein [7]. A common 
feature of all proteins identified to date that follow the 
conservative pathway is their ancestral origins in bacte- 
ria. It has been proposed, therefore, that a bacterial 
export pathway from the matrix and into or across the 
inner membrane has been conserved during the en- 
dosymbiotic evolution of mitoehondria in eukaryotie 
cells [8]. 

The stop-transfer sorting pathway describes those 
proteins that are integrated into either the outer or 
inner membrane via a unidirectional insertion mecha- 
nism rather than passing first to the matrix and then 
being redirected for export. Such a pathway presum- 
ably applies to all outer membrane proteins because 
these proteins do not require the mitochondrial elec- 
trochemical potential for insertion [13,14], i.e., they do 
not pa,~s into or across the inner membrane. Addition- 
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ally, two proteins of t~e inner membrane that follow 
the stop-transfer pathway have been described, UCP 
[6] and AAC [7], neither of which have homologs in 
bacteria. 

To date, little has been lezrned concerning the 
mechanisms of protein insertion into mitochondrial 
membranes, other tha~ the findings that d~letion of 
membrane anchor domains may result ih  translocadon 
of a p:,-otein to the matrix compartment [5,15,16] and, 
conversely, insertion of a membrane anchor into an 
otherwise matrix-destim'd protein may result in inser- 
tion of the protein into either the outer or inner 
membrane [4]. An important question for developing 
models m explain sorting between the outer and inner 
membr~mes is whether the translocation machineries of 
the two membranes, when assayed independently, can 
execute insertion of the same protein into their rcspec- 
Ave lipid bilayers, in the present study, we have ana- 
lyzed this question in a system [17,18] that allows a 
precursor tJ an outer membrane protein to gain direct 
access to the mitochondrial intermembrane space. De- 
pending on the manipulations employed, this single 
protein is efficiently inserted into either the outer 
membrane in a A~-independent manner or into the 
inner membrane by a mechanism dependent on A~. In 
both cases, the orientation of the native protein is 
retained, and insertion is mediated by proteinase-sensi- 
tire components. 

Experimental procedures 

General. Previous articles [19-21] describe routine 
procedures employed for transcription in the pSP64 
system, translation in a rabbit reticulocyte lysate in the 
presence of [35S]methionine, isolation of rat heart 
mitochondria, import into mitoehondria in vitro, and 
the plasmid construction encoding pOCT (pSP019). 
Additional details are provided in the figure legends. 

Pretreatment o f  mitochondria with trypsin or apyrase. 
Following purification, mitoehondria were suspended 
in mitochondrial resuspension medium (MRM, Ref. 
20). Trypsin was added (8 #g  trypsin per mg mitochon- 
drial protein), the mixture was incubated on ice for 20 
min, and a 5-fold weight excess of SBTI was added to 
stop proteinase digestion, and the mixture left on ice 
for an additional tO min before using the mitochondria 
for import. For apyrase treatment, mitochondria were 
suspended in MRM lacking ATP and incubated with 
apyrase (1.3 units apyrase/mg mitochondrial protein) 
for 20 rain on ice. Concurrently, reticulocyte lysate 
translation products were treated with 0.1 units 
apyrase/mg lysate protein. 

Osmotic shock. Untreated or tryosin-pretreated 
mitochondria in MRM (15 mg prolein/ml) were di- 
luted 10-fold with 10 mM NazHPO4-NaH2PO 4 (pH 
7.4) and incubated on ice for 20 min. As a control, 

mitochondria were also diluted in phosphate buffer 
containing 250 mM sucrose. The suspensions were 
adjusted to 1 × MRM medium and aliquots were added 
to a standard mitochondrial import assay (final concen- 
trati,Jn of mitochondrial protein: 0.5 mg/ml).  

Alkaline extraction of  mitochondria. After import, 
mitochondria were collected by centrifugation and sus- 
pended in 0.1 M Na2CO 3 (pH 11.51 to a final pxotein 
concentration of 0.25 mg/ml.  The suspensions were 
sonicated for 2 min with a Sonic Dismembrator at 
power setting 60 (Artek system Corporation) and incu- 
bated on ice for 30 rain. Membranes were recovered 
after centrifugation in an airfuge operating at 30 psi for 
l0 rain. 

Electrochonical potential, aO-dependent uptake of 
[~H]methyltriphenylphosphonium (iodine salt) was 
measured by the procedure described in Ref. 22. The 
assay mixture contained rat heart mitochondria in 
MRIVl (0.75 mg protein/ml) with or without 1.11/xM 
CCCP and was incubated at 30°C for 10 rain. Mito- 
chondria were recovered by centrifugation and the 
radioactivit, present in the pellet was determined by 
liquid scintillation counting. 

Results 

To provide access of an outer membrane precursor 
l rotein to the inner membrane, we have employed a 
system previously developed for yeast mitochondria in 
which the outer membrane is selectively ruptured by 
osmotic shock [18]. In preliminary experiments, the 
fidelity of the system employing rat heart mitochondria 
was first established for a well-characterized matrix 
precursor protein, pOCT [3,4,19-21]. 

Like yeast, the inner membrane of mammalian 
mitochondria is osmotically sensitive whereas the outer 
membrane is not. Fig. l and Table 1 establish that the 
outer membrane of rat heart mitochondria can be 
selectively ruptured by reversible swelling and shrink- 
ing of the inner membrane by osmotic shock, leaving 
the inner membrane intact. Breaking of the outer 
membrane was monitored by observing the reduction 
of c.~ternally-added cytochrome c by succinate-cyto- 
chrome-c oxidoreductase [23]. Rupturing the outer 
membrane by osmotic shock was as effective as digi- 
tonin treatment, a classic procedure for disrupting the 
outer membrane of mammalian mitochondria [24] 
(compare positions 6 and 10 in Fig. 11. Osmotic shock, 
however, avoided potential effects on protein integrity 
that may occur at higher concentrations of the deter- 
gent (a possible reason for reduced enzyme activity at 
positions 7 and 8 in Fig. 1). The proportion of mito- 
chondria with a ruptured outer membrane was not 
determined. 

Fig. 1 also established that pretreatment of intact 
mitochondria with trypsin did not affect the intermem- 
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Fig. I. Rupturing the outer membrane of rat heart mitochondria by 
digilonin or osmotic shock. Freshly isolated mitochondria were resus. 
pended (3 mg protcin/ml) in MRM medium (see Experimental 
procedures) and adjusted to 0, 0.25, 0.5, (I.75, I.(I. 2.0, 3.(I. or 4.0 m~,' 
of digitnnin (twice recrystallized front ethanol)/mg protein. Alterna. 
lively, the mitoehondria were treated with trypsin (8 p,g/mg mito- 
chondrial protein) and incubated on ice for 20 rain. at which time a 
2tI-fold weight excess of SBT! was added, and the mitoehondria 
subjected to treatment with either isotonic (control) or hypotonic 
(osmotic shock) medium, as described in Experimental procedures. 
Aliquots from each treatment (45 #g protein) were assayed for 
succinate-cytochrome-c oxidoreduetase activity as described in Ref. 
23: maximal activity was arbitrarily assigned a value of 100% and 
corresponded to 260 nmol cytochrome c reduced/me protein/rain. 
Bar graph: positions I-8 (treatment with 0-4 mg dig)ton)n/me 
mitochondrial protein, respectively); position 9. trypsin pretreatment, 
minus osmotic shock; position 10. trypsin pretreatment, plus osmotic 

shock. 

brahe space enzyme and that subsequent treatment 
with trypsin inhibi tor  effectively inhibited the pro- 
teinasc (Fig. 1, positions 9 and 10). Table l shows that 
trypsin pretreatment o f  mitochondria, fo l lowed by os- 
motic shock to selectively break the outer  membrane, 
had l i t t le effect on mitochondrial  A0,  a sensitive mea- 
sure o f  the integrity o f  the inner membrane. 
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Fig. 2. Import of pOCT into t',jpsin-pretreated, osmotically shocked 
mitochondria. Freshly isolated :oitochondria were treated with or 
without trjp,,,in (8 Ace/me mitoci'londrial protein) and a portion of 
each subjected to subsequent osmotic shock (see Experimental pro- 
cedures). Aliqnots were incubated in e standard import reaction 
containing [~S]pOCT for 30 rain at 30°C, either in the presence or 
absence of I uM CCCP (lanes 2-7). Mitochondria were recovered by 
c¢-ntrifugation and analyzed by SDS-PAGE and fluorography. Lane 
I, 10% of input pOCT; lane 2, trypsin pretreatment; lane 3, trypsin 
pretreatment followed by osmotic shock; Irne 4 untreated, intact 
mitochondria; lane 5, osmotic shock; lane 6, a~ in lane 3, but osmotic 
shock medium cordained 250 mM sucrose (mock treatment); lane 7, 
as in lane 3, but including 1.0/¢M CCCP. PRE-TRY pretreatment of 

mitochondria with trypsin: OS osmodc shock. 

hnport  o f  p O C T  
When intact mitochondria were  digested with low 

concentrations of  trypsin, subsequent import  of  p O C T  
was abolished (Fig. 2, compare  lanes 2 and 4). Import  
was monitored by observing the processing of  precur-  
sor to mature  product  (Fig. 2), a step that we have 
previously established takes place in the matrix com- 
par tment  under  the conditions employed here for im- 
port in vitro [3,4,19-211. In contrast to import, how- 
ever, p re t rea tment  of  mitochondria with trypsin did not 
reduce the amount  of  full-length p O C T  recovered in 

TABLE I 

Mitochomlria treated with trypsi!) and osmotic shock retab) at) ek, ctroclzemicol r, otential 

Freshly isolated milochundria were incubated on ice for 20 rain in the presc nee of trypsin (8 p.g/mg mitochondrial protein); soybean trypsin 
inhii,'itor (SBTI) was added either at the beginning (Control) or at the end ('r "ypsin) of the incubation. Aliquots were then subjected to osmotic 
shock. A0-dcpendcnt uptake .~f "~l|-Iahelled methyltriphenylphosphonium (k dine salt) (['~H]MTPP) into the mitochondria was determined as 
described in Ref. 22. Assays were performed in duplicate io the presence or absence of 1.0 p,M CCCP. The results of two independent 
experiments are shown. 

Treatment of 
mitochondria 

[~HJMTPP recovered in mitochondrial pellet (cpm) 

Exp. I Exp. 11 

-CCCP +CCCP -CCCP +CCCP 
%,, %a 

Control 73000 3700 100 91000 6600 100 
79000 45iX) IiK)O00 5800 

Trypsin 94000 4500 126 liX) 000 5900 106 
96000 4700 100(k'lO 6200 

Trypsin + osmotic shock 96000 5 800 12,1 92000 6 700 91 
93000 4800 84000 7000 

=' Relative uptake (cpm obtained in the presence of CCCP were subtracted ~,s background), 
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mitochondrial pellets (Fig. 2). But because this amount 
of pelleted pOCT is seen in import reactions lacking 
mitochondria (e.g. see Fig. 5, left panel, lane 1), it 
presumably results from the formation of large aggre- 
gates of the precursor which co-sediment with the 
organelle. Such aggregation is variable but often occurs 
to an extent that masks the relatively low amount of 
input pOCT that would be expected to be specifically 
bound to translocation sites at any given time during 
import. 

Efficient import into trypsin-pretreated mito- 
chondria could be reestablished by a subsequent os- 
motic shock treatment to the organellc (Fig. 2~ I~me 3). 
Import into these osmotically-shocked mitochondria 
was dependent on an electrochemical gradient across 
the inner membrane (i.e., it was inhibited by CCCP, 
Fig. 2, lane 7) and was effected solely by the reversible 
change in osmolarity of the treatment (see the mock 
treatment, Fig. 2, lane 6). The pOCT processing en- 
zyme located in the matrix did not leak from the 
organelle as a consequence of the o~motic shock be- 
cause, again, processing was abolished by CCCP (Fig. 
2, lane 7), i.e., processing took place a:; a consequence 
of A~b-dependent uptake of the precursor across the 
inner membrane. Taken together, !hercforc, the results 
indicate that the requirement for a proteinase-sensitive 
component on the outer membrane (presumably the 
pOCT import receptor, Refs. 25 and 26) can be by- 
passed in this system simply by exposing pOCT to the 
intermembrane space. 

Interestingly, when osmotic shock was applied to 
mitochondria whose surface had not been pretreated 
with trypsin, an extent of import was achieved (Fig. 2, 
lane 5) that was considerably greater than that ob- 
served either for untreated (control) mitochondria (Fig. 
2, lane 4) or for mitochondria that had been prctreated 
with trypsin and then osmotically shocked (Fig. 2, lane 
3). One explanation for this observation is that pOCT 
is exposed to a net increase in high affinity import sites 
as a consequence of exposing the precursor to the 
inner membrane in osmotically-shocked mitochondria. 

Finally, to examine if import of pOCT into trypsin- 
pretreated, osmotically-shocked mitochondria is medi- 
ated by protcinaceous components located beyond the 
surface of the organelle, an inhibitor of trypsin, SBTI, 
was added at the end, rather than at the beginning, of 
osmotic treatment, thereby allowing active trypsin to 
gain access to the intermcmbrane space. Under the 
conditions employed, SBTI effectively prevented the 
further action of trypsin (Fig. 1). Exposing the inter- 
membrane space of osmotically-shocked mitochondria 
to trypsin inhibited subsequent import of pOCT (Fig. 
3, compare lanes 6 and 8). Such treatment had a 
negligible effect on A~b (as monitored by uptake of 
[3H]MTPP, data not shown), indicating that the i~ner 
membrane remained intact. 

- - + + + + + + PRE-TRY 

. . . .  + + + + OS 

. . . . . .  + + OS+TRY 

- • - + - + - + CCCP 

1 2 3 4 5 6 7 8 9 

Fig. 3. !;',caetivalion c~f pOLrYl" import by osmotic: shuck of wypsin-pre- 
treated nlitoclmndr:a i~ dependent on components sensitive to pro- 
i¢;thl>V. C'ulldilions and treatments were the same ils those described 
in Fig. 2. Freshly isol~lled mitochondria weee preincnbaled with 
(lanes 4-9) or without (lanes 2 ~md 3) twpsin (+_ PRE-TRY) lind 
; l l lquols  w e r e  then subjected Io osrnolic shock ill tile presence (lilnes 
h and 7) or absence (Imles 8 and 9) of SBTI (OS and OS+TRY, 
respectively): inhibitor w~ls added It) the Inner at the end of the 
osmntie shock treatment. Import of pOLar was carried out in the 
presence (lanes 3. 5. "~. 9) or absence (latles 2. 4. 6. 8) of 1.11 ,aM 
CCCP, Line 1 represents I11~; of I~SS]pO('T added to each import 

~lSS[ly. 

bnport of pOMD29 h~to the outer mentbrane of intact 
mitochomlria 

As described in Fig. 4, a recombinant pSP64 pins- 
mid was constructed which encodes a hybrid protein 
consisting of the 29 N-terminal amino acids of yeast 
OMM70 fused in frame to amino acids 3-16 of murine 
dihydrofolate reductase (DHFR). The amino terminus 
contains the minimal mitochondrial targeting signal of 
OMM70 in yeast (amino acids 1-12, Refs. 5 and 15) as 
well as its hydrophobic outer membrane anchor do- 
main (amino acids 11-29, Refs. 2 and 5; underlined in 
Fig. 4). 

Transcription-translation of the recombinant plas- 
mid yielded a single major product, designated 
pOMD29, of the expected size. When incubated with 
intact rat heart mitochondria under standard import 
condition in vitro, the majority of pOMD29 bound to 
the organelle (Figs. 4 and 6). Binding of pOMD29 to 
mitochondria was dependent on ATP (Fig. 5, right 
panel, lane 4) and was significantly (though not com- 
pletely) inhibited by pretreatmcnt of the mitochondria 
with low concentrations of trypsin (lane 3), suggesting 
that binding is mediated, as expected, by proteinase- 
sensitive outer membrane components. 

A significant fraction of the pOMD29 that bound to 
mitochondria was resistant to extraction by O.1 M 
Na2CO 3 (pH 11.5) (see Fig. 10, compare lanes 3 and 
5), indicative of a protein that is integrated into the 
lipid bilayer of a membrane [27]. In contrast, both the 
precursor and processed forms of imported pOCT were 
completely extracted by this treatment (see Fig. 10, 
lower p~nel). As predicted for a protein imported to 
the outer membrane [13,14], neither the binding of 
pOMD29 to intact mitochondria (Fig. 6, lane 5) nor 
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Fig. 4. Construction of pSP(pOMD29). Two DNA adaptors contain- 
ing tlmdlll and /~stl overhangs were synthesized as follows. Adap- 
tor I: 5'-AGCTATGAAGAGC'I~rCATTACAAGGAACAAGA . 
CAGCCA'VITFGGCTGCA-3' and 5'-TA(.TTCTCGAAGTAATG- 
TTCCTTGTTCTGTCGGTAAAACCG-3': adaptor Ih 5'-GTTGCT- 
GC'FACAGGTACTGCCATCGGTGCCTACTA'FFATTACG(_'TG. 
C~,-3' and 5'-ACGTCAACGACGATGTCCATGACGfJTAGCCA. 
CGGATGATAATAATGCG-3'. The plasmid, pSV2DItFR [32] was 
digt:.,acd with Tuqi and Bglll to generate a 650 bp fragment which 
was inserted hetween the ,'h'cl and BamHI sites of pSP64 [33]. A 
Itindlll.Pst I fragment was removed from this construct and replaced 
with the two adaptors to yield pSP(pOMD29). It encodes amino 
acids 1-29 of yeast OMM70 fused in-frame to amino acids 3-186 of 
mouse DItFR. with a single glycine residul: introduced between the 
two regions as a consequence of the recombinant manipulations [33]. 
Shown in the figure is the amino acid sequence (single letter code) of 
tile amino terminus of OMMT0 [34]: rite underlined sequence (dark 
hatching) denotes the 19 amino acid membrane anchor domain of 
OMM70 [5l. pSP(pOMD29) was lincarized with /fcoRI prior 1o in 

vitro t ranscriplion-t ranslation. 

s u b s e q u e n t  i n se r t i on  in to  the  l ipid b i l ayer  ( see  Fig .  10, 

l ane  4)  w a s  inh ib i t ed  by C C C P  (i.e. ,  r e q u i r e d  an  e lec-  

t r o c h e m i c a l  po ten t i a l ) .  A n d  finally, fo l lowing  i m p o r t  

in to  the  o u t e r  m e m b r a n e  o f  in tac t  m i t o c h o n d r i a ,  
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Fig. 5. Requirements for ATP and a mitochondrial surface protein 
for binding of pOMD29 In intact mitochondria. {~S]pOMD29 and 
[:~S]pOCT were synthesized by transeriptiml-translafion in a rabbit 
reticulocyle lysate and incubated with or without purified mito. 
chondria (MITO) under import conditions fur 30 rain at 30°C: 
alternatively, mitoclmudria either were pith'eared with trypsin 
(PRE-TRYPSIN) or, together with reticulocyte lysate translation 
products, were treated with apyra~e to remtw,~" ~.TP (see Experimen- 
tal procedures). Following incnhafion, import mixtures were trans- 
ferred to fresh tubes and layered over I ml of 3(1¢~ (w/v) sucrose it. 
MRM. and mitocitondria recovered hy cenlrifugation at 1200(l× g 
for 20 min. Left panel, pOeT; right panel, pOMD29. Lane 1, no 
mitoehondria: lane 2, plus mitochondria: lane 3, mitochondria pre- 
trea!,,,d with trypsin; hme 4, pretreatment of import reaetkms x',i~l) 
apyruse. Precursor and mature ornithiue carbamoyftransferase are 
denoted by tile upper and lower arrows, respectively, in the left 

panel, pOMD29 is indicated by the arrow in the right panel. 

p O M D 2 9  w a s  access ib le  to  e x o g e n o u s  p r o t e i n a s e  (F ig .  
6, l anes  4 a n d  6)  s u g g e s t i n g  t h a ' ,  l ike O M M 7 0 ,  

p O M D 2 9  w a s  a n c h o r e d  in the  o u t e r  m e m b r a n e  wi th  

the  bu lk  o f  the  p r o t e i n  (i .e. ,  t he  D H F R  m o i e t y )  ex-  

p o s e d  to the  o u t s i d e  o f  th,~ o r g a n e l l e ,  in  con t ra s t ,  t he  
i m p o r t e d  a n d  p r o c e s s e d  f o r m  o f  p O e T ,  bu t  no t  t he  

_ _ + - + 

_ _ _ + + 

1 0 %  - + + + + I 0 %  

I 2 

- + - + Post-Twpsin 

- - + + CCCP 

+ + .~ Mi to  

3 "1 5 6 I 2 3 ,I 5 6 

pOCT pOMD29 

Fig. 6. Orientation and location of pOMD29 following import into intact mitochondria. Import of ['~S]pOCI" or ['*~S]pOMD29 was carried out as 
described in Fig. 5 and in Experimental procedures, either in the presence (lanes 5 and 6) or absence (lanes 2-4) of 1.0 p,M CCCP. Followin,~:~ 
import, reaction mixtures containing lysate and mitochondria were treated with (lanes 4 and 6) or without (lanes 2,3 and 5) trypsin (0.2 rag) 
(POST-TRYPSIN) and the mitochondria recovered by centrifugation through a 3()~ (w/v) sucrose cushion, and mitochondrial proteins analyzed 
by SDS-PAGE and fluorography. Lane I. I(l% of input pOeT or pOMD29; lane 2, reactions lacking mitochondria. Arrows dcilote precursor 

(upper) and mature (lower) ornithine carbamoyftransferase and pOMD29. 
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exogenous precursor, was resistant to digestion under  
these conditions (Fig. 6, compare lancs 3 and 4). Like- 
wise, the in termembrane space complex that channels  
cytochromc c to succinatc-eytochrome-c oxidoreduc- 
tase was resistant to tryvsin under  identical conditions 
(data noi sh~wn). 

htsertion of pOMD29 htto the #mer membrane of osmot- 
ically shocked mitochondria 

To date, all proteins examined that are delivered 
e i ther  into or across the mitochondrial  inner mem- 
brane require A~ whereas  proteins delivered to the 
outer  membrane,  including pOMD29 (Fig. 6), do not. 
Delivery of pOMD29 to the inner membrane,  there- 
fore, was assayed by its acquisition of AS-dependence.  
Mitochondria were not pre t rea ted  with trypsin because 
this t rea tment  does not abolish completely import '  of 
pOMD29 to the outer  membrane  (Fig. 5). As shown in 
Figs. 7 and 8, a significant proportion of binding of 
pOMD29 to osmotically shocked mitochondria was 
,A;~,.dependent (compare lanes 2 and 3). ThE bulk of 
the ptc*ein was sensitive to Exogenous trypsin (Fig. 7, 
lane 5), indicat ing that  it was or iented toward the 
cytosolic side of tl~e membrane.  AeJ-dependcnt binding 
of pOMD29 to osmotically shocked mitochondria was 
inhibited by pre t rea tment  of the organelle  with trypsin, 
under  condit ions where the proteinase gained access to 
the in termembranc  space (Fig. 8, compare lanes 2 and 

OS M I T O C H O N D R I A  
+ + POST-TRYPSIN 

+ - + - C C C P  

? 

1 2 3 4 5 
Fig. 7. AS-dependent import of pOMD29 into osmotically-shocked 
mitochondria. Prior to standard !mport reactions, freshly-isolated 
mitochondria were subjected to osmotic shock (see Experimental 
Procedures). Import was performed in the presence (lanes 2 and 4) 
or absence (lanes 3 and 5) of 1.0 #M CCCP. Following import, 
reaction mixtures were treated either with (lanes 4 and 5) or without 
(lanes 2 and 3) trypsin (POST-TRYPSIN) (sea Experimental Proce- 
dures), and the mitochondria recovered and analyzed by SDS-PAGE 
and fluorography. Lane I, I{}~ of input ['~SS]pOMD29. Arrow. 

pOMD29. 

10% 

+ + + + OS 
- - + + OS + TRY 
- + - + C C C P  

1 2 3 4 5 
Fig. 8...l~-dependcm import of pOMD29 into osmotically-shocked 
mitochondriu is dependent on components sensitive to trypsin. 
Freshly isolated mitochondria were subjected to osmotic-shnck (OS) 
(hines 2-5) either in the presence of trypsin (8 pg/ml) (OS+TRY) 
(lanes 4 and 5) or the presence of trypsin and SBTI (lanes 2 and 3). 
Import of ['~SS]pOMD29 was carried out in the presence (lanes 3 and 
5) or absence (lanes 2 and 4) of 1.0 pM CCCP. as described in 
Experimental procedures. Mitt,chondria were recovered and ana- 
lyzed by SDS-PAGE and fluorography. Lane I. I()~; of input 

pOMD29. Arrow. pOMD29. 

4), to an extent very similar to the proteinase sensitivity 
of pre t reated intact mitochondria (Fig. 5). Because 
trypsin prc t rea tment  of osmotically-shocked mi:o- 
chondria did not affect At~ (data not shown), the 
results of Fig. 8 suggest that A~b-dependent binding of 
pOMD29 was mediated by protein components.  

To confirm that pOMD29 was delivered to the inner 
membrane  in osmotically-shocked mitochondria,  mito- 
chondria containing newly-imported pOMD29 were 
sonicated and subjected to sedimentat ion analysis in 
sucrose density gradients.  As shown in Fig. 9, pOMD29 
that was imported into intact mitoehondria  was subse- 
quently recovered predominant ly  in the outer  mem- 
brane fraction of intact mitochondria.  However, in 
contrast  to the si tuation for intact mitoehondria,  the 
majority of pOMD29 coscdimented with the inner 
membrane  marker,  UCP, following import  into osmoti- 
cally-,~ihocked mitochondria  (Fig. 9, upper  right panel). 
It is apt  known, however, whether  insertion into the 
inner membrane  occurred at contact sites or at sites 
outside this region. 

t:inally, Fig. 10 demonst ra tes  that  a significant pro- 
portion of the pOMD29 that was recovered in associa- 
tion with the outer  membrane in intact mitochondria 
and with the inner membrane  in osmotically-shocked 
mitochondria  was resistant to extraction by 0.1 M 
N a , C O  3 (pH 11.5) indicating that  it was integrated 
into the bilayer [27]. In contrast,  both precursor and 
processed fort~is of pOCT tbllowing import  into mito- 
chondria were completely extracted by these proce- 
dures  (Fig. 10). 



Fate of pOMD29 lacking the transmembrane domain 
A f ragment  o f  p S P ( p O M D 2 9 )  encod ing  a large por-  

tion of  the t r a n s m e m b r a n e  segment  o f  p O M D 2 q  (amino  
acids 16-29,  Fig. 4) was  removed by digest ion with 
Psi I a n d  rel igat ion of  the plasmid (see Fig. 4). Follow- 
ing t ranscr ip t ion- t ra . , s la t ion  and  incubaii t ,n of  the  pro-  
tein p roduc t  with isolated mi tochondr ia  u n d e r  s tan-  
da rd  import  condit ions,  ne i ther  import  nor  b inding to 
the surface  of  the organel le  were  observed.  This  was  
the case for  both  intact  and  osmotical ly shocked mito- 
ehondr ia  (da ta  not shown).  U n d e r  the condi t ions  o f  the 
present  exper iments ,  therefore ,  the t r a n s m e m b r a n e  
segment ,  p resumably  in coopera t ion  with the posi- 
t ively-charged amino  te rminus  o f  the prote in  (amino  
acids 1-9)  makes  an essential  cont r ibut ion  to in vitro 
import  o f  p O M D 2 9  into rat  hea r t  mi tochondr ia  in 

o~ ,~, o~ ,~ 

o s pov,~. 9 08 
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b O0 
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{7 ~00 
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FraChon Number Fraction Number 

iNTACT MffOCHONDFIIA OSMOT[~ I~TOCHONDFIIA 

Fig. 9 Membrane fractionation following import of pOMD29 and 
UCP into intact and nsmoli~.all~,-~,huekcd mitochondria. Translation 
mixtures were generated that contained both [3~S]pOMD29 and ['~SS] 
UCPdl-12 (u derivative of UCP lacking ami,o acids 1-12, see Ref. 
16 for details). Import into intact or osmotically-shucked mito- 
chondria was carried out as described in Expl.rimental procedures 
and Fig. 7, and rec(wered by centrifugation. Mitochondria (250/.tg 
protein) were combined with carrier mitochn,~dria ( ling protein), and 
suspended in 1 nil 10 mM Na21tPO4-NaH2PO 4 (pH 7.4). Inner and 
outer milochondrial membrane were separated by a modification of 
tile procedures described in Refs. 35 and 30. Following incubation 
on ice for Ill min, flm mixtures were given five strokes in a glass-teflon 
honmgeuizcr, one-third wflume of 1.8 M sucrose, 8 mM ATP and 8 
mM MgCI: was added and an additional three strokes in a glass- 
teflon homogenizer was applied. The mixtures were incubated on ice 
tk~r 5 min, and subjected to sonication with a Sonic Dismcmbrator 
(Artek System) at power setting tl(L two times for 15 s each at I)°C. 
EDTA was added to u final concentration of 15 raM, and I ml 
aliquots loaded on a preformed 30-60% (w/v)  sucrose density 
gradient in Ifl mM sodium phosphate buffer. Centrifugation was 
carried out al 55(XXJxg for |5 h at 4°C. I-ml fractions were 
collected, and protein precipitated in ice.cold trichloroacetic acid 
and analyzed by SDS.PAGE and fluorography. Bands corresponding 
to [3SS]pOMD29 and [3SS]UCP were quantitated by laser densitom- 
ell'y, with the peak fraction given an arbitrary value of I.(I. Outer 
membrane tOM) collected at the overlay/3t)'% sucrose interface 
(fraction 2) while the inner membrane tIM) migrated lute the gradi. 

enl, as visualized by the marker prolein, UCP. 
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+ + O S  
- + + + + N a = C O  3 
- + - + - C C C P  

O O ' ~  ~ p O M D 2 9  

::i.. / : ' ,  p O C T  

1 2 3 4 5 6 7 
Fig. 10. Imported pOMD29 is resistant to extraction by alkali. 
[~S]pOMD29 (upper panel) and [~SS]pOCT (lower panel] were 
incubated with intact (lanes 3-5) or ~;smotically-shocked (OS) (lanes 
6 and 7) mitochondria under standard conditkms, either in the 
presence (hines 4 and 6) or absence (lanes 3, 5, and 7) of 1.0 #M 
CCCP. Mitochondria were recovered oy centrifugatkm through a 
3IIq,~ sucrose cushkm and either amdyzed directly (lane 3) or follew- 
lug extraction in fl.I M Na:CO3 (oH 11.5) (lanes 4-7, see Experi- 
mental procedures). Lane I, 10% of input [~S]pOMD29 and 
[3~S]pOCT: lane 2. as in hme 3, except that mit~hondria were not 
included in the import reaction. Arrows: pOMD29 (upper panel); 
prec.rsor and processed forms of ornithine earbamoyltransferase 

(upper and lower arrows, respectively, in lower panel). 

vitro. Impor tant ly ,  however,  these results also indicate  
tha t  s table b inding o f  the  p recursor  to the inner  mem-  
b rane  o f  osmot ical ly-shocked mi tochondr ia  is not  me-  
d ia ted  simply by the in teract ion of  the positively- 
cha rged  N- te rminus  of  p O M D 2 9  (amino  acids 1 -9 )  
with negat ive ly-charged lipids in the  inner  m e m b r a n e ,  
a f inding that  is consis tent  with the  r equ i rement  for  
prote in  in the A@-dependent  import  o f  p O M D 2 9  by 
osmotical ly-shocked mi tochondr ia  (Fig. 8). 

Discussion 

In this study,  we have examined  the quest ion o f  
w h e t h e r  or  not  the  prote in  t rans loca t ion  machinery  o f  
the mi tochondr ia l  inner  m e m b r a n e  can  recognize a 
pro te in  tha t  is normal ly  des t ined  for  the o u t e r  mem-  
brane ,  i.e., a p ro te in  tha t  other,vise is not  encoun t e r ed  
by the inner  m e m b r a n e  u n d e r  normal  physiological 
condit ions.  Ear l ie r  s tudies  in yeast  provided the 
methodology  to  test  this possibility by showing tha t  the 
o u t e r  m e m b r a n e  t rans loca t ion  machinery  could be  by- 
passed  in mi tochondr ia  whose ou te r  m e m b r a n e  b inding 
site for  a matr ix-des t ined prote in  had  been  inact ivated 
by prote inase ,  a n d  the mi tochondr ia l  o u t e r  m e m b r a n e  
rup tu red  by osmotic  shock [17,18]. We have ob ta ined  
identical  results for  tile delivery of  o O C T  into the 
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matrix compartment of osmotically-shocked mito- 
chondria from rat heart. Import via this pathway is 
efficient and is dependent on proteinase-sensitive com- 
ponents. Although the assumption is made that such 
bypass import arises because the precursor gains direct 
access to the inner membrane protein trans~oeator via 
the intermembrane space [17,18], it cannot be excluded 
that the precursor is somehow able to make contact 
with distal components of the outer membrane translu- 
cator (e.g., ISP42/MOM38, Refs. 25 and 26) as a 
consequence of osmotic shock, before moving on to the 
inner membrane. Import via the intermembrane space, 
however, is compatible with the observation that inner 
membrane vesicles free of detectable outer membrane 
are import competent [28,29]. The system is obvi,,,usly 
not physiological since, in vivo, the process of import is 
a receptor-mediated event in which the first step is 
translocation through an intact outer membrane. The 
important point in terms of the present study, however, 
is that import into osmotically-shocked mitochondria in 
vitro can be employed to determine if a protein that is 
otherwise inserted into the outer membrat~e, can also 
be recognized and inserted into the lipid bilayer by the 
translocation machinery of the inner membrane, or 
whether the molecular signals in an outer membrane 
protein are not interpreted by the inner membrane 
translocator. 

Of the limited number of mitochondrial membrane 
proteins whose import has been examined to date, 
most are polytopic proteins whose disposition and ori- 
entation in the bilayer have yet to be determined. An 
exception is the outer membrane protein of yeast, 
OMM70, a bitopic protein that is targeted to mito- 
chondria and anchored in the outer membrane via its 
N-terminal 29 amino acids, leaving a large C-terminal 
fragment (>  60 kDa) exposed to the cytosol [2,5]. Evi- 
dence from studies empluying fusion proteins in vivo 
and in vitro suggests that the requisite topogenic infor- 
mation for proper sorting and insertion of OMM70 lies 
within the N-terminal 29 amino acids [2,5,15]. In the 
present study, therefore, we have employed a hybrid 
protein, pOMD29, consisting of amino acids 1-29 of 
OMM70 fused to DHFR. lmport into the outer mem- 
brane of rat heart mitoehondria was efficient and de- 
pended on ATP and proteinase-sensitive mitochondrial 
components, and resulted in an orientation of pOMD29 
in which the bulk of the protein was exposed to the 
exterior of the organelle. When a large segment of the 
membrane-anchor domain (amino acids 16-29) was 
deleted from pOMD29, no detectable import, or bind- 
ing, of the precursor to mitochondria was observed 
(data not shown). Importantly, however, this was true 
for import into both the outer membrane of intact 
mitochondria and into the inner membrane of osmoti- 
cally-shocked mitochondria. Earlier studies, in which 
amino acids 1-12 of OMMT0 were fused to DHFR, 

resulted in import of the hybrid protein into the matrix 
~:ompartment of yeast mitoehondria in vitro, but the 
extent of such import was very low [5,15]. With rat 
heart mitochondria, such import was presumably below 
the limits of detection in this system. Our results 
suggest, therefore, that the membrane anchor domain 
of pOMD29 is required for efficient import, at least in 
vitro. 

Employing osmotically-shocked mitochondria, a sig- 
nificant proportion of input pOMD29 was imported 
into the mitochendrial inner membrane, as determined 
by the acquisition of A~-dependencc for import and by 
membrane fractionation. The bulk of the protein was 
oriented to the outside of the inner membrane. Import 
to the inner membrane was sufficiently efficient in this 
system that prior inactivation of the outer membrane 
binding site for pOMD29 was not required. Import 
into the inner membrane depended on proteinase-sen- 
sitivc components, and was not simply the result of 
electrostatic interactions between pOMD29 and the 
inner membrane since deletion of the neutral amino 
acids, 16-29 of pOMD29, abolished such interactions. 

Taken together, these findings show that the protein 
translocation machinery of the mitochondrial inner 
membrane can import and insert an otherwise outer 
membrane protein. The results suggest that the import 
machineries of the outer and inner membrane inter- 
pret topogenic sequences and insert membrane pro- 
teins in a remarkably similar way. Retention of pro- 
teins in the ~uter membrane, therefore, presumably 
occurs because the membrane-anchor domain abro- 
gates complete translocation of the polypeptide across 
the outer membrane. Such abrogation would be in- 
sured if, at least in part, a separate import pathway 
exists for outer membrane proteins, in which the outer 
membrane translocator remains unlinked to the inner 
membrane transloeator; proteins destined for the inner 
membrane, on the other hand, might employ a differ- 
ent outer membrane translocator, one that does not 
respond to a stop-transfer domain. It is interesting in 
this regard that AAC and porin may be preferentially 
recognized by different receptors [30,31]. If, however, 
import of outer membrane proteins follows the same 
pathway used by proteins destined for the inner mem- 
brane, then mechanisms presumably exist to regulate 
whether or not the cuter membrane transloeator re- 
sponds to a membrane-anchor dorr.ain [4,12]. If the 
outer membrane tran:,locator is negatively regulated in 
this respect, the present data imply that the protein 
may by default be recognized by the inner membrane 
translocator. 
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