
Faculty Scholarship

1990

Import of the iron-sulfur protein of the cytochrome
b. c1 complex into yeast mitochondria.
W Fu

S Japa

D S Beattie

Follow this and additional works at: https://researchrepository.wvu.edu/faculty_publications

This Article is brought to you for free and open access by The Research Repository @ WVU. It has been accepted for inclusion in Faculty Scholarship
by an authorized administrator of The Research Repository @ WVU. For more information, please contact ian.harmon@mail.wvu.edu.

Digital Commons Citation
Fu, W; Japa, S; and Beattie, D S, "Import of the iron-sulfur protein of the cytochrome b. c1 complex into yeast mitochondria." (1990).
Faculty Scholarship. 192.
https://researchrepository.wvu.edu/faculty_publications/192

https://researchrepository.wvu.edu?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/faculty_publications?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/faculty_publications?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/faculty_publications/192?utm_source=researchrepository.wvu.edu%2Ffaculty_publications%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ian.harmon@mail.wvu.edu


THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 265, No. 27, Issue of September 25, pp. 16541-16547,199O 
0 1990 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S. A. 

Import of the Iron-Sulfur Protein of the Cytochrome b l cl Complex into 
Yeast Mitochondria” 

(Received for publication, February 9, 1990) 

William Fu, Shanker Japa, and Diana S. BeattieS 
From the Department of Biochemistry, West Virginia University School of Medicine, Morgantown, West Virginia 26506 

The yeast gene for the Rieske iron-sulfur protein of 
the cytochrome b.cl complex was subcloned into the 
expression vector, pSP64, then transcribed and trans- 
lated in vitro in a reticulocyte lysate in the presence of 
[3SS]methionine. Import studies in vitro of the newly 
synthesized precursor form of the iron-sulfur protein 
into isolated yeast mitochondria revealed that the pre- 
cursor form of the iron-sulfur protein is processed into 
the mature form via an intermediate form. After the 
import reaction at 18 or 27 “C, treatment of mitochon- 
dria with exogenous protease indicated that both inter- 
mediate and mature forms had been internalized into 
mitochondria where they were resistant to digestion 
by external protease. Import and processing of the 
iron-sulfur protein into mitochondria also occurred at 
temperatures ranging from 2 to 27 “C in a tempera- 
ture-dependent manner. Processing of the precursor 
form to the intermediate form appeared to be less sen- 
sitive to temperature than the processing of the inter- 
mediate form to the mature form. Moreover, at tem- 
peratures of 12 “C or lower, the mature form produced 
was completely digested by exogenous protease sug- 
gesting that it was assembled incorrectly in the mem- 
brane and not assembled into the becl complex. The 
successive disappearance of first the mature form and 
then the intermediate form of the iron-sulfur protein 
by increasing concentrations of the metal chelators, 
EDTA and o-phenanthroline, suggested that two dif- 
ferent proteases requiring divalent metal ions are in- 
volved in the two-step processing of the presequence 
of the iron-sulfur protein. Furthermore, mitoplasts 
containing only the matrix/inner membrane fraction 
were able to import and process the precursor form of 
the iron-sulfur protein indicating that both proteolytic 
processing events occur in the matrix/inner membrane 
fraction. 

The majority of mitochondrial proteins are encoded by 
nuclear genes and synthesized on free cytoplasmic ribosomes, 
despite the fact that mitochondria contain their own unique 
DNA. Mechanisms of import and processing of nuclear-coded 
mitochondrial proteins have been extensively investigated 
since the discovery in 1979 (1) that subunits of the F1-ATPase 
are synthesized in the cytosol as larger precursor proteins 
containing amino-terminal extensions (presequences) prior to 
import into mitochondria. Subsequent studies have provided 
evidence that the import and processing of precursor proteins 
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into mitochondria occur through several distinct steps (2-6). 
After completion of translation, precursor forms of mitochon- 
drial proteins containing targeting signals (amphiphilic struc- 
tures composed of hydrophobic regions linked by basic resi- 
dues) are directed to the mitochondrial outer membrane (6- 
9). A second step in the import pathway requires the binding 
of these precursor proteins to proteinaceous receptors exposed 
at the cytoplasmic face of the outer membrane (10-12). The 
precursor proteins are then unfolded by a mechanism involv- 
ing ATP into a translocation-competent conformation (13, 
14). The eventual translocation of precursor proteins into the 
mitochondrial matrix via contact sites between the outer and 
inner membranes is dependent on an electrochemical poten- 
tial (A$) across the inner membrane (15). During or after 
translocation, precursor proteins are processed to their ma- 
ture forms by either one or two separate cleavages by matrix- 
localized protease (16-18). Finally, the processed mature 
proteins are assembled into functional complexes in their 
proper submitochondrial compartment. 

The Rieske iron-sulfur protein, one of the catalytic subunits 
of the cytochrome b.cl complex, is localized on the outer 
surface of the inner mitochondrial membrane (19, 20). This 
protein contains two Fe-S clusters and is required for electron 
transfer from ubiquinol to cytochrome c1 in the b.cl complex 
(21). Our laboratory made the initial observation in intact 
yeast cells that the precursor form of the iron-sulfur protein 
is processed in uiuo into the mature form via an intermediate 
form (22). This proteolytic two-step cleavage of the precursor 
iron-sulfur protein was subsequently observed during experi- 
ments both in vitro and in uiuo in N. crassa (23). Moreover, 
the intermediate form of the iron-sulfur protein was shown 
to be localized in the matrix fraction as it fractionated with 
the matrix marker fumarase upon treatment of mitochondria 
with digitonin (23). 

Recently, the nuclear gene encoding the Rieske iron-sulfur 
protein has been isolated and sequenced from both N. crassa 
(24) and S. cereuisiae (25). In the current study, we have 
subcloned the iron-sulfur protein gene into a pSP64 expres- 
sion vector to study the import and processing of the precursor 
form of the iron-sulfur protein in vitro into isolated yeast 
mitochondria. The results obtained confirm the two-step 
cleavage of the precursor iron-sulfur protein in yeast mito- 
chondria and suggest different temperature sensitivities for 
each step. Moreover, treatment of mitochondria with exoge- 
nous protease after import has indicated that both interme- 
diate and mature forms of the iron-sulfur protein are localized 
in a protease-resistant compartment. The precursor form of 
the iron-sulfur protein can also be imported and processed to 
both intermediate and mature forms in mitoplasts (mitochon- 
dria from which the outer membrane has been removed) 
indicating that both processing steps occur in the inner mem- 
brane/matrix fraction. 
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FIG. 4. Time course of the Rieske iron-sulfur protein import 
into mitochondria. Translation mixture containing “S-labeled 
iron-sulfur protein precursor was centrifuged at 105,000 x g for 45 
min and incubated with isolated yeast mltochondrla at 2’i “C (A) or 
18 “C (H) for the times as indicated. Mitochondria were added at a 
fmal concentration of 1.0 mg/ml for each Import reaction. A, at each 
time pomt, 300 ~1 of import mixture was withdrawn and analyzed as 
described under “ExperImental Procedures.” H. one-half of each 
import mixture (400 ~1) was removed ([anes l-6) as described in A 
while the remaining half was treated with protemase K (lanes 7-12). 
The positlons ofprecursor (p), Intermediate (1). and mature (m) forms 
of the iron-sulfur protem are indicated. C, the bands of the three 
forms of the Iron-sulfur protem from the autorachograph of the gel 
shown in H, /nnc>a I-6, were quantified by laser densitometry. The 
mature form observed at 30 mm nas arbitrarily set at 100. 

times of 1 or 2 min, while only traces of labeled intermediate 
form were observed at all times studied. When the import 
incubation was performed at 18 “C, the presence of the inter- 
mediate form became apparent. Labeling of both the inter- 
mediate and mature forms increased with time in a parallel 
fashion with the mature form more heavily labeled at each 
time point. The amount of the precursor form remained 
essentially constant for 20-30 min reflecting continued bind- 
ing of the precursor form to the mitochondria during this time 
as processing occurred (Fig. 4R, lanes I-6). Consequently, the 
total amount of radiolabeled iron-sulfur protein, the sum of 
the precursor, intermediate, and mature forms, increased 
more than 50% from the 2- to the 20-min time point at which 
time a decrease in the amount of precursor was observed. At 
all times of import at 18 “C, the precursor form was digested 
by exogenous proteinase K; however, both the intermediate 
and mature forms were resistant to digestion by exogenous 
proteinase K indicating that they are present in a protease- 
resistant compartment of the mitochondria (Fig. 4B, lanes 7- 
12). A slight loss in the amount of the mature form after 
proteinase K digestion suggests possible damage to the outer 
membrane of the mitochondria allowing some digestion of the 
mature form which is exposed to the outer surface of the inner 
membrane. 

The profound effect of temperature on the import and 
processing of the iron-sulfur protein into yeast mitochondria 
prompted us to examine the effect of even lower temperatures 
on the import reaction. Clearly, import and processing of the 
iron-sulfur protein into yeast mitochondria were temperature- 
dependent (Fig. 5, compare lanes 1, 4, and 7). Both the 
intermediate and mature forms of the iron-sulfur protein were 
resistant to proteinase K treatment after import at 27 “C (lane 
8), suggesting that both forms have been internalized at this 
temperature. Surprisingly, mature form as well as the precur- 
sor form were accessible to exogenous protease when the 
import reaction was performed at 2 or 12 “C (lanes 2 and 5); 
however, the intermediate form remained resistant to protease 
treatment after the import at these temperatures. The inter- 
mediate form produced at the lower temperatures of incuba- 
tion appears more diffuse after proteinase K digestion, but 
does not represent digested precursor form as it is clearly 
localized in the matrix as discussed under “Submitochondrial 

lmpOrt at 2°C 12% 27% 
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EXPERIMENTAL PROCEDURES AND RESULTS’ 

Import of the Iron-Sulfur Protein Precursor-The time 
course of import of the precursor form of the iron-sulfur 
protein into mitochondria was studied by incubating yeast 
mitochondria with translation mixtures containing radiola- 
beled precursor. At the times indicated, aliquots of the import 
mixture were withdrawn and analyzed by SDS-PAGE’ with 
or without proteinase K treatment. Fig. 4A shows that the 
import and processing of the iron-sulfur protein into mito- 
chondria occurred rapidly at 27 “C. Maximum amounts of the 
labeled mature form were observed after a short incubation, 

’ Portions ofthis paper (includin g “Experimental Procedures,” part 
of “Results,” and Figs. l-3) are presented in miniprint at the end of 
this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the Journal that is available from U’averly Press. 

’ The abbreviations used are: SDS-PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis: DTT. dithiothreitol; Hepes, N-2- 
hydroxyethylpiperazine-N-Z-ethanesulfonic acid: PMSF, phenyl- 
methylsulfonyl fluoride; TIXK, N’-p-tosyl-I.-lysine chloromethyl ke- 
tone; kbp. kilobase pair(s). 
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FIG. 5. Effect of temperature on the sensitivity of the var- 
ious forms of the iron-sulfur protein to proteinase K digestion. 
Mitochondria were incubated with the high speed supernatant of the 
translation mixture for 30 min at 2, 12, or 27 “C. The samples were 
placed on ice, antimycin A and olixomycin were added, and the 
samples were divided into three groups. For the first group, mito- 
chondria were immediately analyzed by SDS-PAGE (lanes 1, ~1, and 
7). The second group was treated with proteinase K, prior to SDS- 
PAGE (lanes 2, .?, and 8). The third group was further incubated for 
20 min at Z “C, placed on ice, and treated with proteinase K. 
Mitochondria were repelleted hy centrifugation and analyzed by SDS- 
PAGE (lanes 3, 6, and 9). Ahbrcuiations are as in Fig. 4. 



Import of Iron-Sulfur Protein 16543 

Localization of the Different Forms of the Iron-Sulfur Pro- 
tein.” Moreover, the amount of intermediate remains the same 
before and after proteinase K digestion which would be un- 
likely if the intermediate form represented digested precursor 
form. After the initial import of the precursor form at 2 or 
12 “C, the incubation mixture was further incubated for 20 
min at 27 “C in the presence of antimycin A and oligomycin. 
The chase at 27 “C resulted in the processing of the precursor 
and intermediate forms to the mature form which was then 
resistant to added proteinase K (lanes 3 and 6). These data 
suggest that the processing of the intermediate to the mature 
form is more sensitive to temperature than the processing and 
import of the precursor form into a protease-resistant inter- 
mediate form. 

The sensitivity of the intermediate and mature forms of the 
iron-sulfur protein to exogenous proteinase K was further 
explored by studying the time course of import at 12 ‘C. The 
results obtained confirm that only the intermediate form 
remained resistant to exogenous proteinase K after import at 
12 “C (Fig. 6, A and B), while at all times of incubation the 
mature form was sensitive to digestion. As mentioned above, 
the intermediate form labeled under these conditions ap- 
peared very diffuse after proteinase K digestion for reasons 
which remain obscure. Perhaps the protease has attached a 
portion of the intermediate form such that it now runs more 
slowly on the gels. However, the absolute amounts of the 
intermediate form before and after proteinase K digestion are 
almost identical at all time points examined indicating that 
no loss of intermediate form resulted from treatment with the 
exogenous protease. The appearance of both intermediate and 
mature forms increased with time during the incubation 
reaching a maximum after 40 min. The amount of the pre- 
cursor form remained constant throughout the incubation 
reflecting the continued binding of precursor form to the 
mitochondria during the incubation at 12 “C. These results 
suggest that formation of the mature form occurs normally at 
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FIG. 6. Time course of import of the iron-sulfur protein 
import into mitochondria at 12 ‘C. A, experimental conditions 
were identical with those of Fig. 4B, except that the incubation 
temperature was at 12 “C for the times indicated. B, the bands of the 
three forms of the iron-sulfur protein from the autoradiograph of the 
gel shown in A were quantified by laser densitometry and are pre- 
sented in arbitrary units. The amount of intermediate form after a 
20-min incubation was normalized to 100 units. Abbreviations are as 
in Fig. 4. 

12 “C; however, the processed mature form produced at 12 “C 
is assembled incorrectly in the mitochondrial membrane 
where it remains accessible to proteinase K. 

Effects of Inhibitors on Import of the Iron-Sulfur Protein- 
The effects of inhibitors which block formation of a mem- 
brane potential plus chelators shown previously to inhibit the 
matrix-localized mitochondrial processing proteases were 
studied during import of the iron-sulfur protein precursor into 
mitochondria at 18 “C. In the presence of antimycin A and 
oligomycin, only the precursor form was observed in the 
reisolated mitochondria. In addition, the precursor was com- 
pletely digested by proteinase K treatment (Fig. 7A, lanes 5 
and 10) indicating that the import and processing of the iron- 
sulfur protein requires the presence of a membrane potential. 
Addition of 10 mM EDTA, a nonpenetrating metal chelator, 
or 0.5 mM o-phenanthroline, a membrane-permeable metal 
chelator, to the import mixture separately had little effect on 
processing of the precursor form (lanes 2,3 and 7,8); however, 
addition of both EDTA and o-phenanthroline caused a con- 
siderable inhibition of the processing of the intermediate to 
the mature form (lanes 4 and 9). Some inhibition of processing 
the precursor to the intermediate form was also observed, but 
the precursor form remained protease-sensitive (lane 9). 

Increasing concentrations of both EDTA and o-phenan- 
throline added to the import reaction at 18 “C resulted in the 
successive disappearance of first the mature and then the 
intermediate form of the iron-sulfur protein (Fig. 7B). The 
addition of 2.5 mM EDTA and 0.5 mM o-phenanthroline (lane 
I) inhibited partially the conversion of intermediate to mature 
form. Increasing the concentration of EDTA to 10 mM and o- 
phenanthroline to 2 mM completely inhibited the conversion 
of intermediate to mature form and partially inhibited the 
conversion of precursor to intermediate form (lane 3). Fur- 
thermore, when the concentration of o-phenanthroline was 
increased to 4 mM, processing of the precursor to intermediate 
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FIG. 7. A, effect of metal chelators on the import of the iron-sulfur 
protein into mitochondria. Mitochondria were preincubated with an 
appropriate amount of import buffer at a final concentration of 1.0 
mg/ml at 18 “C for 5 min. Where indicated, EDTA, o-phenanthroline 
(o&e), or antimycin A and oligomycin (AA/ok) were added. The 
import reactions were carried out at 18 “C for 30 min. At that time, 
one-half of each import mixture was analyzed by SDS-PAGE (lanes 
I-5), while the second half was treated with proteinase K and then 
analyzed by SDS-PAGE (lanes 6-10). B, mitochondria at a final 
concentration of 1.0 mg/ml were preincubated in an import buffer in 
the presence of EDTA and o-phenanthroline at 18 “C for 5 min. After 
addition of reticulocyte lysate containing ““S-labeled precursor iron- 
sulfur protein, the import reactions were further incubated at 18 “C 
for 20 min. Mitochondria were reisolated from each import mixture 
and analyzed by SDS-PAGE. Abbreuiatiom are as in Fig. 4. 
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form was almost completely blocked. As the processing pro- 
tease converting the precursor to the intermediate form was 
inhibited, the precursor form became resistant to exogenous 
protease suggesting that it had been translocated into the 
mitochondria (data not shown). 

Submitochondrial Localization of the Different Forms of the 
Iron-Sulfur Protein-To localize both the intermediate and 
mature forms of the iron-sulfur protein within the mitochon- 
dria, mitochondria were subfractionated by digitonin treat- 
ment after the import reaction. Enzymes present in the inter- 
membrane and the matrix spaces are released sequentially by 
successive increases in digitonin concentration. Fumarase was 
used as an enzymatic marker for the mitochondrial matrix 
space. As shown in Fig. 8, A and B, treatment of mitochondria 
with concentrations of digitonin ranging from 0.075-0.1% 
resulted in the concomitant release of both the mature and 
intermediate forms of the iron-sulfur protein from mitochon- 
dria. At a digitonin concentration of 0.15%, more of the 
mature form was removed from the membrane than inter- 
mediate form; however, both the mature and intermediate 
forms were totally released by treatment of mitochondria with 
0.2% digitonin. By contrast, the precursor form of the iron- 
sulfur protein was not removed from the membrane fraction 
with increasing concentrations of digitonin. The release of 
fumarase, the matrix marker, from mitochondria into the 
supernatant with increasing digitonin concentration paral- 
leled the loss of the intermediate and mature forms of the 
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FIG. 8. Release of both imported intermediate and mature 
forms of the iron-sulfur protein from mitochondria by treat- 
ment with digitonin. Mitochondria were incubated with the newly 
synthesized iron-sulfur protein at 18 “C for 20 min. The reaction 
mixture was divided into 8 equal portions and mitochondria were 
reisolated by centrifugation. The reisolated mitochondria were 
washed twice with a buffer containing 0.6 M sorbitol and 20 mM 
Hepes/KOH (pH 7.4) and then resuspended at 0.2 ml of above buffer 
in the presence of the indicated concentrations of digitonin as indi- 
cated under “Experimental Procedures.” Each fraction was separated 
into pellet and supernatant by centrifugation. The pellets were ana- 
lvzed bv SDS-PAGE while the suoernatants were assaved for fumar- 
&e activity. An autoradiograph df the dried gel is shown in A. The 
bands of both intermediate and mature forms of the iron-sulfur 
protein quantified by laser densitometry and the fumarase activities 
are shown in B. Abbreviations are as in Fig. 4. 

iron-sulfur protein (Fig. 8B). After treatment with 0.075% 
digitonin, about 85% of the mature and intermediate forms 
were retained in the mitochondria while about 20% of the 
fumarase activity was released. Almost 85% of fumarase ac- 
tivity was released after treatment with 0.15% digitonin, 
which released 75% of the intermediate form and all of the 
mature form. These results suggest that the intermediate form 
of the iron-sulfur protein is present in the matrix space. The 
mature form, however, is more susceptible to solubilization 
by higher concentrations of digitonin suggesting that it is not 
in the matrix but loosely associated with the inner membrane. 
Interestingly, an identical release of the intermediate and 
mature forms with increasing concentrations of digitonin was 
observed after import at 12 and 27 “C, as well as at 18 “C (Fig. 
8). 

Import of the Iron-Sulfur Protein into Mitoplasts-Import 
and processing of the precursor form of the iron-sulfur protein 
into isolated mitochondria had been successfully demon- 
strated at temperatures ranging from 4 to 27 “C. We next 
attempted to demonstrate whether the precursor form of the 
iron-sulfur protein could be imported into mitoplasts which 
lack the mitochondrial outer membrane. The time course of 
the import of the precursor form of the iron-sulfur protein 
into mitoplasts at 18 “C indicated that mitoplasts can import 
the precursor form as efficiently as mitochondria (Fig. 9). 
Both the intermediate and the mature forms were observed 
in the absence of proteinase K during the different time 
intervals suggesting that both proteases involved in the con- 
version of the precursor form to the intermediate form and 
the intermediate form to the mature form are present in the 
mitochondrial matrix-inner membrane fraction. The inter- 
mediate form was resistant to digestion by exogenous protein- 
ase K, while both precursor and mature forms were sensitive 
to digestion suggesting that conversion of the intermediate 
form into the mature form occurred in the matrix/inner 
membrane fraction. Moreover, the mature form is assembled 
on the outer surface of the inner mitochondrial membrane 
where it was accessible to exogenous proteinase K. 

Next, the inhibitors of the proteases involved in the two- 
step cleavage of the iron-sulfur protein were studied during 
the import reaction in mitoplasts (Fig. 10). Raising the con- 
centrations of EDTA and o-phenanthroline resulted in the 
successive inhibition of the two proteases as previously ob- 
served in mitochondria (Fig. 7B). After addition of exogenous 
proteinase K (lanes 6-9), the intermediate form remained 
resistant to proteinase K. As the processing enzyme convert- 
ing precursor to intermediate form became inhibited, the 
precursor form also became resistant to proteinase K. The 
import of the precursor iron-sulfur protein into mitoplasts 
was investigated at 4, 12, and 18 “C (Fig. 11, lanes 1, 2, and 3, 
respectively). Only the precursor form of the iron-sulfur pro- 
tein was observed at 4 and 12 “C in contrast to the results 
obtained using mitochondria (Fig. 5). Significant import and 
processing to both intermediate and mature forms were ob- 
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FIG. 9. Time course of import of the iron-sulfur protein into 
mitoplasts. Translation mixture containing ‘“S-labeled precursor 
iron-sulfur protein was incubated with mitoplasts prepared as de- 
scribed under “Experimental Procedures” at 18 “C for the indicated 
times. Abbreviations are as in Fig. 4. 
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FIG. 10. Effect of EDTA and o-phenanthroline on the pro- 
teolytic two-step processing of the iron-sulfur protein in mi- 
toulasts. This exneriment was identical with that of Fig. 78. extent 
that mitoplasts were used in the incubation. Abbreviati&s are as in 
Fig. 4. 
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FIG. 11. Effect of different temperatures on the import of 
the iron-sulfur protein into mitoplasts. The import reactions 
were performed at various temperatures: 4 “C (lane I), 12 “C (lone 2), 
and 18 “C (lanes 3-5). Antimycin A and oligomycin were added to the 
import mixture in lane 4, while 10 mM EDTA and 2.0 mM orthophen- 
anthroline were added to lane 5. After the import incubation, the 
reisolated mitoplasts were analyzed by SDS-PAGE. Abbreviations are 
as in Fig. 4. 

served at 18 “C. In addition, when the membrane potential 
was blocked by the addition of antimycin A and oligomycin 
(lane 4), the import of the precursor form into mitoplasts was 
inhibited suggesting that a membrane potential is necessary 
for the import of the precursor form into mitoplasts as well 
as into mitochondria. 

DISCUSSION 

Both intermediate and mature forms of the iron-sulfur 
protein were observed during import studies in vitro of the 
newly synthesized precursor form of this protein into isolated 
yeast mitochondria. These results confirm previous results 
obtained in yeast in uivo (22) and N. crczssa both in uivo and 
in vitro (23) indicating that the precursor form of the iron- 
sulfur protein is processed to the mature form via an inter- 
mediate form. This apparent two-step proteolytic processing 
has also been reported for other mitochondrial proteins en- 
coded by nuclear genes and synthesized in the cytoplasm such 
as cytochrome cl (33,34), cytochrome b, (34,35), and subunit 
9 of ATPase (36). Treatment of mitochondria after the import 
reaction with exogenous protease or digitonin extraction sug- 
gested that both intermediate and mature forms have been 
internalized into mitochondria at 18 or 27 “C where they are 
insensitive to protease digestion and released by digitonin 
treatment concomitantly with the matrix marker fumarase. 
Moreover, the precursor form of the iron-sulfur protein was 
imported and processed to both intermediate and mature 
forms in mitoplasts indicating that both proteolytic process- 
ing events occur in the matrix/inner membrane fraction. 
Treatment of mitoplasts with exogenous protease after import 
reaction resulted in the disappearance of both precursor and 
mature forms of the iron-sulfur protein suggesting their lo- 
calization on the outer surface of the inner membrane; how- 
ever, the intermediate form remained resistant to added pro- 
tease suggesting its localization in the matrix fraction. Mito- 
plasts containing only the matrix/inner membrane fractions 
thus appear competent to perform both processing steps after 
import of the iron-sulfur protein including the translocation 
of the mature form to the outer surface of the inner membrane 
where it became sensitive to exogenous protease. 

Previous reports had indicated that the processing pro- 
tease(s) responsible for the cleavage of the presequences of 
mitochondrial precursor proteins were localized in the matrix 
of yeast (37) and rat liver mitochondria (38). This matrix 
protease is inhibited by metal chelators such as EDTA and o- 
phenanthroline and is dependent on divalent metal ions such 
as Co’+ and Mn’+ suggesting that the enzyme is a metalloen- 
doprotease (37). In the present study, addition of both 10 mM 
EDTA and 0.5 mM o-phenanthroline resulted in considerable 
inhibition of processing of the intermediate to the mature 
form and only slight inhibition of processing of the precursor 
to the intermediate form (Fig. 7A). Increasing the concentra- 
tion of o-phenanthroline to 8 mM completely blocked the 
processing of the precursor form to the mature form via the 
intermediate form (Fig. 7B). The successive disappearance of 
first the mature form and then the intermediate form of the 
iron-sulfur protein by increasing the concentrations of the 
metal chelators suggests that two proteases, both requiring 
divalent metal ions, are involved in the two-step processing 
of the presequence of the iron-sulfur protein. Furthermore, 
the processing of the precursor to both the intermediate and 
mature forms by mitoplasts indicated that both proteases 
appear to localize in the matrix/inner membrane fraction. 
Interestingly, in both mitochondria and mitoplasts, complete 
blockage of processing of the precursor to the intermediate 
form resulted in the translocation of the precursor form into 
a compartment where it was resistant to digestion by exoge- 
nous protease. 

Import and processing of the iron-sulfur protein into mi- 
tochondria occurred at temperatures ranging from 2 to 27 “C 
in a temperature-dependent manner. Processing of the pre- 
cursor form to the intermediate form occurred readily at all 
temperatures and was apparently less sensitive to temperature 
than the processing of the intermediate form to the mature 
form. For example, the intermediate form was barely detect- 
able during import reactions at 27 “C suggesting that once the 
precursor form is cleaved in the matrix, the intermediate form 
is almost immediately processed to the mature form and 
assembled with other subunits of the b.cl, complex in the 
inner membrane. At an import temperature of 18 “C, process- 
ing of the intermediate to the mature form occurred more 
slowly as indicated by the presence of the intermediate form 
at all times during the incubation. The amount of intermedi- 
ate form was considerably lower than that of the mature form 
at all times investigated, again suggesting a rapid conversion 
of intermediate to mature form which is slowed sufficiently 
by the 18 “C temperature to permit observation of the inter- 
mediate form. Further lowering of the temperature of the 
incubation to 12 “C resulted in the presence of approximately 
equal amounts of the intermediate and mature forms which 
increased in parallel during a 40-min incubation (Fig. 6). After 
import at 12 “C, the intermediate form remained insensitive 
to digestion by external proteinase K and was released by 
digitonin concomitantly with the matrix marker fumarase 
(data not shown) suggesting that processing of the precursor 
to the intermediate form results in the translocation of the 
protein into the mitochondrial matrix. At import tempera- 
tures of 12 “C! or lower, the mature form produced was com- 
pletely digested by exogenous protease. We suggest that the 
mature form produced during processing of the intermediate 
form at import temperatures at or below the transition tem- 
perature of the inner membrane is incorrectly translocated 
back across the membranes perhaps via the contact sites, 
where it becomes accessible to proteinase K. Previous studies 
in N. crassa had indicated that at 2 “C to 8 “C no formation 
of the mature form of the iron-sulfur protein occurred (23). 
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In that system, all species of the iron-sulfur protein were 
largely sensitive to added proteinase K at incubation temper- 
atures below 12 “C (23). 

The results of this study suggest that the precursor form of 
the iron-sulfur protein in yeast first associates tightly with 
the mitochondrial membrane and is translocated into the 
matrix in a process dependent on an electrical potential across 
the inner membrane. In the matrix space, the precursor form 
is first processed into the intermediate form by a matrix 
protease. The subsequent processing of the intermediate form 
to the mature form is catalyzed by a second protease located 
in the matrix/inner membrane fraction and appears to be 
coupled to the translocation of the mature form back across 
the inner membrane where it is assembled into the b.ci 
complex. The exact intramitochondrial localization of the 
second protease and the mechanism of assembly of the mature 
form of the iron-sulfur protein with other subunits of the b. 
c1 complex is currently under investigation in our laboratory. 
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described by Manlalls et 81 ,261 A”lor=dmgr=pns were quanlllated by measuring relawe OPllC=l 

densme* usmg a Blolmage laser scanning densm”e,er 

M~lWl~lS 
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~phen=“m,oll”e w=* l,“rn Fisher zymoryase 20 000 was obtmed lmm ICN Btomedlcak 
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RESULTS 

Tra”s~“pl”” and “JW!~,“” of pSP64 RIP 

Fcg 2 Res,rclmn analysts of the plasmid The plss”,,d pSP64 RIP was dl9eSWd With Hl”dlk SX 

and PS,l I” “=,lO”S COmD,“=,lo”s rile ,,=gmen,s produced were separaled 0”  a 0 8% =g=,o*e gel 

The Ihneanzed pSP64-RIP produced by me dlges!,o” 01 sac1 was “anscrlbed In W,D In me 

presence 01 ‘-GpppG and SP6 p~lymerase. The capped mRNA. thus p’od”c=d. w=S ve,lkea by 

DO” eleClrOPnOreSl* ana Normel” bb, hybnd~2a1~0” A smgk band correspond8ng 10 appmxlmaW 
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rabbi, rellc”locyle ,ysa,e m me p,esence 0, ,“S]-“e,hLon,“e *na,y*,s 01 me Iranslalm” P”d”ClS by 

SDS-PAGE lollowed by =“,o,=d,og,=phy ,eve=led a smgte band correspondmg 10 27.2 kG= (Fl9 36. 

lane 2). A band wn ole same m,gra,rJn was a,*0 Oblamed aher lmm”“OPreClPll=l~O” Of Ihe 

,ra”Sla,lO” “lx,“re Wllh SpeClllC anllbcdles agans, me ,,o”.s”II”r p,o,em (lane 1 j. The Observed 

“Olec”lar VmQhl Of Ihe newl~synlhes$red radlolabeled polypeptlde IS slmlla, to Ihal ,ePOfl*d 

p,ewo”sly lo, the prec”rsOr (0,” Of me aron S”!,“, pro,e,n I” yeas, (22.31,. 

-  mcca 
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-  1s.m 
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described by Japa et al. (32)  One “I 01 ,ne ,r=n*l=!,on p,od”c!s synrhewed I” a nuclease t,e=l=d 
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