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Import of a mutant mitochondrial precursor fails to respond to 
stimulation by a cytosolic factor 
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Import of the precursor to ornithine carbamyltransferase is stimulated by a partially-purified, NEM-sensitive soluble fac- 
tor from rabbit reticulocyte lysate. A mutant in which the carboxy-terminal 73 amino acids were deleted, had a sharply 
reduced response to this factor. The NEM-sensitive, import-stimulating factor interacts with the surface of mitochondria 
in the absence of precursor protein. Thus reticulocyte lysate contains an NEM-sensitive, import stimulating factor which 
interacts both with the surface of mitochondria and whose activity appears to be dependent upon the structure of the 

mature portion of the precursor. 
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1. I N T R O D U C T I O N  

M o s t  m i t o c h o n d r i a l  p ro te ins  are  nuclear-  
encoded ,  t r ans la t ed  in the  cytosol ,  and  
t r a n s l oca t ed  across  m e m b r a n e s  to  their  ap-  
p r o p r i a t e  pos i t ion  wi thin  the  m i t o c h o n d r i a l  sub- 
c o m p a r t m e n t s .  A l t h o u g h  this process  is well 
cha rac te r i zed  [1-3] ,  the  mach ine ry  involved  is not .  
In  a d d i t i o n  to  the  m i t o c h o n d r i a l  recep-  
t o r / t r a n s l o c a t i o n  a p p a r a t u s  and  process ing  p ro -  
teases,  there  is evidence suggest ing tha t  soluble  
cytosol ic  p ro te ins  a re  requi red  as well [4-11] .  I t  
m a y  be tha t  an  i m p o r t - c o m p e t e n t  c o n f o r m a t i o n  
e f fec ted  by  so luble  pro te ins  results  in the  enhanced  
t r a n s l o c a t i o n  o f  p ro te ins  across  bo th  mic ro soma l  
[11-13] ,  m i t o c h o n d r i a l  [11] and  bac ter ia l  cell 
m e m b r a n e s  [14,15]. A recent  r epor t  has shown 
tha t  at  least  two independen t  soluble  activi t ies (hsp 
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70 and  an NEM-sens i t ive  fac tor)  are  i m p o r t a n t  for  
ef f ic ient  i m p o r t  o f  m i t o c h o n d r i a l  p recursors  [16]. 

In  this r epor t ,  we descr ibe  a soluble ,  N E M -  
inh ib i t ed  act ivi ty  in re t icu locyte  lysate  tha t  
s t imula tes  in v i t ro  i m p o r t  o f  p reo rn i th ine  car-  
b a m y l t r a n s f e r a s e  (pOCT) ,  an  ac t iv i ty  tha t  appea r s  
to  ope ra t e  i ndependen t ly  o f  hsp 70. W e  p rov ide  
evidence tha t  this  c o m p o n e n t  m a y  in terac t  d i rec t ly  
wi th  a l imi ted  n u m b e r  o f  sites on  m i t o c h o n d r i a .  
F u r t h e r m o r e ,  by  a l ter ing the s t ruc ture  o f  the  
m a t u r e  region  o f  the  p recur so r  p ro te in ,  the  i m p o r t  
o f  this  p recursor  is no longer  s t imula ted  by  fac tor .  

2. E X P E R I M E N T A L  

Rat heart mitochondria were isolated and import was 
measured as previously described [4], except that mitochondria 
were washed with buffered 0.5 M KCI and 250 mM sucrose, 
prior to import assays, pOCT DNA cloned in pSP64 was 
transcribed and the resultant RNA was translated in 
reticulocyte lysate [17], after which cytosolic import factors 
were rendered limiting by either dilution of translation products 
or by passing them over Sephadex G-25. When rendered 
limiting by dilution (figs 1,3,4), 1.0/4 of translated pOCT in 
lysate was added to 1.0 ml import medium containing 150/zg 
mitochondria; and when Sephadex G-25 depleted (fig.2), 2.0/~1 
of the Sephadex-excluded fraction was added to 40/~1 of import 
medium containing 20/zg mitochondria. For preparation of 
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heat-stable fraction (HSF) and hsp 70, nonnuclease-treated 
lysate [18] was centrifuged for 2 h at 220000 × g and the high 
speed supernatant (HSS) recovered. The HSS was dialyzed 
against 15 mM potassium phosphate, 1 mM DTT, pH 7.0, and 
passed over DEAE-cellulose (0.3 ml per 1.0 mr HSS, DE-52, 
Whatman). The unbound fraction and wash were combined. 
For HSF preparation, this fraction was heated at 70°C for 
15 min, and precipitated protein was removed by centrifuga- 
tion. The hsp 70 preparation was obtained from the DEAE- 
bound fraction, and purified on ATP-agarose (essentially as in 
[12]). 

3. RESULTS AND DISCUSSION 

In the presence of the partially-purified (approx. 
1000-fold) HSF, import was proportional to the 
amount of HSF added into the import mixture, 
and approached saturation at an input level of 
HSF equal to approx. 5/zg protein per ml (fig. 1A). 
HSF appeared to stimulate import of pOCT by in- 
creasing both the initial rate of import and the 
final extent of import (fig.lB). 

When HSF was pre-incubated with mitochon- 
dria in the absence of precursor and additional 
lysate components (fig.2), pOCT was subsequently 
imported with greater efficiency compared to con- 
trol mitochondria (cf. lane 1 with lane 2). Further, 
a 0.5 M salt wash prior to import did not affect the 
relative stimulation (not shown), suggesting a 
relatively stable interaction of HSF with mitochon- 
dria. The enhancement of import efficiency was 
prevented if HSF was first pretreated with NEM 
(fig.2, lane 3), and a similar result was obtained 
when total lysate was substituted for HSF (fig.2, 
lane 6). Furthermore, when HSF or lysate were 
treated with NEM, import was decreased below the 
level of controls suggesting that NEM-inactivated 
HSF could still interact with the mitochondria, but 
in an inhibitory manner. This competitive inhibi- 
tion of import by the NEM-reacted component im- 
plies the presence of specific binding sites 
(receptors) for HSF. That HSF was contributing to 
efficient import via a mechanism independent of 
membrane potential generation was indicated by 
the absence of any effect of NEM-treated HSF (or 
lysate) on mitochondrial membrane potential (not 
shown). 

Recently, it has been reported that an enzymatic 
unfolding activity is necessary for the denaturation 
of native proteins that are to be translocated across 
microsomal [11,12] and mitochondrial [11,19] 
membranes. This activity has been attributed to a 

LETTERS 

A. HSF (ul )  

B. 

HSF 

Fig.1. A soluble heat-stable fraction (HSF), partially purified 
from Pabbit reticulocyte lysate stimulates import in a dose- 
dependent manner and increases the initial rate of import. (A) 
Dose-dependence. Increasing amounts of HSF (0.24/zg 
protein//A) were added to the import assay mix. Subsequent to 
import (60 min at 30°C), mitochondria were diluted to 0.1 mg/ 
ml and treated with proteinase K [4]. (B) HSF stimulates both 
the initial rate and the net extent of import. Either HSF (20/A 
as in A) or buffer (no addition) were added to the import 
mixture and after designated times import was terminated by 
collapsing the membrane potential with t/~M CCCP. Import 
and protease treatments as in A. 10% of input precursor is 

shown for comparison. 

member(s) of the 70 kDa heat shock protein family 
(hsp 70). An hsp 70-enriched fraction stimulated 
the import of pOCT into mitochondria (lane 3, 
fig.3). At concentrations where HSF stimulation 
was saturated, stimulatory amounts of hsp 70 were 
apparently additive (lane 4, fig.3). This and the 
fact that, unlike hsp 70, HSF does not bind to an 
ATP-agarose column (not shown) suggest that the 
HSF and hsp 70 activities are distinct. 

The import of a carboxy-terminal, truncation 
mutant, pOCT282  was  compared to the normal 
precursor, pOCT. The truncation mutant is re- 
duced by approximately 20% in mass compared to 
full length pOCT and lacks the following C- 
terminal amino acid sequence: 

282 318 

QGYQVTMKTAKVAASDWTFLHCLPRKPEEVDDEVFYS- 

354 

PRSLVFPEAENRKWTIMAVMVSLLTDYSPVLQKPKF 

Although this truncation mutant was imported 
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Fig.2. Pretreatment of mitochondria with HSF (or lysate) can 
potentiate efficient import and this potentiation can be 
prevented by NEM. HSF or lysate were treated with 1.5 mM 
NEM (lanes 3,6) or mock NEM (lanes 4,7) for 15 min at 30°C. 
NEM treatment was terminated by the addition of 2 mM DTT, 
while for mock treatment NEM was inactivated with DTT prior 
to reaction with HSF or lysate. Mitochondria were then 
incubated for 15 min at 10°C with import buffer 0anes 1,8) or 
with buffer containing treated HSF (lanes 2-4) or lysate (lanes 
5-7). All mitochondria were recovered by centrifugation, and 
resuspended into import assay medium and the assay conducted 
as described in fig. 1, except that the mitochondria were not 
protease-treated after import. 'p '  is precursor (39 kDa), 'm'  is 

mature imported OCT (36 kDa). 

in the absence of  HSF with similar efficiency as the 
full length pOCT (fig.4), it was not stimulated by 
the addition of  HSF. Thus, it appears that a C- 
terminal domain, either directly or indirectly 
facilitates stimulation by factor. Furthermore,  
another truncation mutant (in which only amino 
acid residues 318-354 were deleted, see above se- 
quence) was still stimulated by HSF (not shown), 
suggesting that the region important for stimula- 
tion of  pOCT import by cytosolic factors was in 
the region encompassed by residues 282-318. 

To determine if HSF stimulation was a unique 
property of  the mature portion of  pOCT, the fu- 
sion protein (pO-DHFR) containing the N- 
terminal signal sequence of  pOCT and mouse 
cytosolic DHFR was tested for HSF stimulation 
(fig.4). Although the leader signal sequence from 
pOCT would be expected to accurately and effi- 
ciently target this hybrid precursor to the 
mitochondria [17], this precursor would not be ex- 
pected to contain a sequence specific for mitochon- 
drial import within the mature portion (normally a 
soluble, cytosolic protein) of  the precursor. 
However,  pO-DHFR was also stimulated by HSF, 
suggesting that HSF-stimulation may be due to an 
interaction with particular conformational deter- 
minants rather than with specific sequences. 

It is apparent that at least two cytosolic activities 
may contribute towards the efficient import of 
nuclear-encoded mitochondrial precursors. Hsp 
70, previously shown to stimulate translocation of  

s ! 
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Fig.3. Import in the presence of HSF is further stimulated by 
the addition of an hsp 70 containing fraction. Import assays 
were conducted as in fig. 1. Lanes: 1, no addition; 2, 30/21 HSF 
(7.2/zg protein); 3, 60/21 hsp 70 fraction (5.9/2g protein); 4, 
30/21 HSF plus 60/21 hsp 70; 5, 10/21 (3.0mg protein) 
unfractionated lysate. 10% of input precursor for comparison. 

proteins into microsomal membranes in vitro 
[11,12], and more recently mitochondrial precur- 
sors [16], also stimulates in vitro import of  the 
mitochondrial precursor, pOCT. Another import 
stimulating activity, HSF, is independent of  hsp 
70, is relatively heat-stable, and is sensitive both to 
proteases (not shown) and to the sulfhydryl 
alkylating reagent, N-ethylmaleimide. This com- 
ponent can interact with a limited number of  
binding sites on mitochondria in the absence of  
either precursor or other lysate components. Fur- 
thermore, it can interact in a relatively stable 
manner with mitochondria, even in an NEM- 
inactivated form (fig.3), where it becomes an 
inhibitor of  import. Together these results sug- 

pOCT pOCT~ 

HSF 

Fig.4. HSF stimulation is dependent on the structure of the 
mature portion of pOCT. Import assays were conducted as in 
fig. 1. pOCT, C-terminally truncated pOCT (pOCT2$2), or pO- 
DHFR were imported in the presence or absence of HSF. 10% 
of each precursor input are shown for comparison, pOCT2s2 
was constructed by linearizing pSP019 (see [17]) with the 
restriction enzyme BstEII prior to transcription, pO-DHFR was 
constructed by fusing the N-terminal signal from pOCT (amino 
acids 1-32) to mouse DHFR (starting at amino acid 3) 

(Sheffield, W.P. and Shore, G.C., unpublished). 
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gest  t ha t  while one or  more  de t e rminan t s  o f  H S F  
m a y  recognize  the  mi tochond r i a ,  ano the r  m a y  in- 
t e rac t  with the  ma tu re  p o r t i o n  o f  the  p recursor ,  
pe rhaps  re ta in ing  it in an  i m p o r t - c o m p e t e n t  con-  
f o r m a t i o n .  Such observa t ions  suggest  the  involve-  
men t  o f  a m u l t i - c o m p o n e n t  system. The  
C- t e rmina l  t r unca t ion  m u t a n t  o f  p O C T  m a y  no 
longer  require  the  la t te r  act ivi ty  if  it is a l r eady  
i m p o r t - c o m p e t e n t .  Thus ,  H S F  m a y  func t ion  in a 
m a n n e r  ana logous  to  the  bac te r ia l  ' t r igger  f ac to r '  
which  can  independen t ly  in teract  wi th  bo th  the  
bac te r i a l  p l a s m a  m e m b r a n e  and  p recur so r  p ro te ins  
[14]. The  NEM-sens i t ive ,  hea t - s tab le  fac tor  p ro -  
b a b l y  does  not  d i rec t ly  e m p l o y  A T P  ei ther  as a 
subs t ra te  or  co fac to r  for  its ac t iv i ty  as it fails to 
b ind  to  an A T P - a g a r o s e  co lumn  (not  shown).  

Recent ly ,  it  has been  r epo r t ed  tha t  N E M -  
sensit ive i m p o r t  fac tors  are present  bo th  in the 
cy toso l  and  on  mic ro soma l  m e m b r a n e s  [20]. Our  
resul ts  are  consis tent  with an NEM-sens i t ive  im- 
p o r t  c o m p o n e n t  existing in ei ther  a soluble  or  a 
m i t o c h o n d r i a l  m e m b r a n e - b o u n d  fo rm.  

Acknowledgements: This study was financed by the Medical 
Research Council and National Cancer Institute of Canada. 

R E F E R E N C E S  

[1] Verner, K. and Schatz, G. (1988) Science 241, 1307-1313. 
[2] Pfanner, N., Hartl, F.-U. and Neupert, W. (1988) Eur. J. 

Biochem. 175, 205-212. 

[3] Nicolson, D.W. and Neupert, W. (1988) in: Protein 
Transfer and Organelle Biogenesis (Das, R.C. and 
Robbins, P.W. eds) Academic Press. 

[4] Argan, C., Lusty, C.G. and Shore, G.C. (1983) J. Biol. 
Chem. 258, 6667-6670. 

[5] Miura, S., Mori, M. and Tatibana, T. (1983) J. Biol. 
Chem. 258, 6671-6674. 

[6] Ohta, S. and Schatz, G. (1984) EMBO J. 3, 651-657. 
[7] Argan, C. and Shore, G.C. (1985) Biochem. Biophys. 

Res. Commun. 131,289-298. 
[8] Nicolson, D.H., Kohler, H. and Neupert, W. (1987) Eur. 

J. Biochem. 164, 147-157. 
[9] Firgaira, F., Hendrick, J., Kalousek, F., Kraus, J. and 

Rosenberg, L. (1984) Science 226, 1319-1322. 
[10] Ono, H. and Tuboi, S. (1988) J. Biol. Chem. 263, 

3188-3193. 
[11] Deshaies, R.J., Kock, B.D., Werner-Washburne, M., 

Craig, E.A. and Schekrnan, R. (1988) Nature 332, 
800-805. 

[12] Chirico, W.J., Waters, M.G. and Blobel, G. (1988) 
Nature 332, 805-810. 

[13] Zimmerman, R., Sagstetter, M., Lewis, M.J. and 
Pelham, H.R.B. (1988) EMBO J. 7, 2875-2880. 

[14] Lill, L., Crooke, E., Guthrie, B. and Wickner, W. (1988) 
Cell 54, 1013-1018. 

[15] Collier, D.N., Bankaitus, V.A., Weiss, J.B .and 
Bassford, P.J. (1988) Cell 53, 273-283. 

[16] Murakami, H., Pain, D. and Blobel, G. (1988) J. Cell 
Biol. 107, 2051-2057. 

[17] Nguyen, M., Argan, C., Lusty, C.J. and Shore, G.C. 
(1986) J. Biol. Chem. 261, 800-805. 

[18] Jackson, R.J. and Hunt, T. (1983) Methods Enzymol. 96, 
50-74. 

[19] Pfanner, N., Tropschug, M. and Neupert, W. (1987) Cell 
49, 815-823. 

[20] Nicchitta, C.V. and Blobel, G. (1988) J. Cell Biol. 108, 
789-795. 

564 


