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TRANSPORT OF PROTEINS INTO MITOCHONDRIA: 

RECEPTORS, RECOGNITION AND TRANSMEMBRANE MOVEMENT OF PRECURSORS 

B. SCHMIDT, R. PFALLER, N. PFANNER, M. SCHLEYER and W. NEUPERT, I n s t i t u t für 

Physiologische Chemie, Univers i t y of Munich, Goethestr. 33, 8000 München 2, FRG 

INTR0DUCTI0N 

Most of the mitochondrial proteins are coded f o r by nuclear genes, they are 

synthesized in the cytoplasm of the c e l l as precursor proteins and are then 

s e l e c t i v e l y imported by the mitochondria (1,2). The ov e r a l l import appears to 

consist of a number of d i s t i n c t sequential processes. The precursor proteins, 

most of which bear aminoterminal peptide extensions, bind to the mitochondrial 

surface and are then incorporated into the organelle. This transfer i s 

i r r e v e r s i b l e and i n most instances i s dependent on an energized mitochondrial 

inner membrane. The next step in the assembly pathway i s a processing reaction 

i. e . removal of the a d d i t i o n a l sequences and/or covalent modifications such as 

the attachment of heme in the case of cytochromes c and Cy 
F i n a l l y , the newly imported proteins reach t h e i r functional location and are 

assembled into a c t i v e complexes. 

Although we can d i s t i n g u i s h individual steps of the import reaction, l i t t l e 

i s known about the components (apart from the precursor proteins) that 

p a r t i c i p a t e in these reactions. In order to understand the molecular basis of 

import e f f o r t s are being made to define and characterize the components 

involved. 

In t h i s communication we describe experiments designed to elucidate the 

molecular mechanism of two aspects of protein transfer into mitochondria, v i z . 

binding of the precursor proteins to the mitochondria, and t h e i r subsequent 

transmembrane movement or membrane i n s e r t i o n . The components responsible f o r 

binding, i . e . receptors, are proteins located on the surface of the 

mitochondria. Translocation d i r e c t l y from the binding Sites i s very rapid. On 

the other hand we demonstrate the existence of transmembrane intermediates, 

i.e. precursor proteins which are pa r t l y imported and span both inner and outer 

mitochondrial membranes. We propose an import pathway f o r inner membrane and 

matrix proteins v i a contact Sites between inner and outer membrane. 

MATERIALS AND METHODS 

Estabiished procedures were used to study import of proteins into 

mitochondria employing in vitro synthesized precursor proteins and isolated 

Neurospora mitochondria (3,4). The methods employed were as described 

elsewhere (4,5). 



390 

RESULTS 

Binding of precursor proteins to mitochondria 

The i n i t i a l Step in the import pathway subsequent to synthesis i s the binding 

of the precursor to the mitochondria. Binding was usually observed in a 

reconstituted in vitro System when import was i n h i b i t e d . This condition was 

achieved by destroying the membrane potential (e.g. f o r ADP/ATP c a r r i e r ) , by 

lowering the temperature (e.g. for porin) or by competitively i n h i b i t i n g a 

processing step (e.g. f o r cytochrome c) (6-8). In the case of the above 

mentioned proteins, i t was found that the binding Sites (although probably 

d i s t i n c t from each other) have common features: ( i ) they are saturable, ( i i ) 

they bind with high a f f i n i t y , ( i i i ) they appear to be proteins (Fig.1). The 

binding Sites for porin (see Fig. 2) and ADP/ATP c a r r i e r appear to be located 

on the mitochondrial surface (6), whereas the apocytochrome c binding 

protein i s located in the intermembrane space (9). The d i f f e r e n t location of 

these binding Sites i s also r e f l e c t e d by the d i f f e r e n t i a l s e n s i t i v i t y to 

bound precursor [cpm] 

Fig. 1. High affinity binding of the precursor to the ADP/ATP carrier is 
mediated by proteinaceous receptors. 
The precursor to ADP/ATP c a r r i e r was synthesized in a c e l l free System and 
p a r t i a l l y p u r i f i e d by ammcnium sul f a t e p r e c i p i t a t i o n . Mitochondria were 
incubated with various concentrations of precursor under conditions where only 
binding takes place and subsequently r e i s o l a t e d . ADP/ATP c a r r i e r was 
immunoprecipitated from the supernatants and mitochondrial p e l l e t s . 
Quantification of the r a d i o a c t i v i t y associated with the c a r r i e r was carried out 
af t e r excision of the c a r r i e r bands from an SDS ge l . The amount of c a r r i e r 
bound to mitochondria i s plotted versus the r a t i o bound/free (free = c a r r i e r 
recovered from the supernatants). Assuming a s p e c i f i c r a d i o a c t i v i t y of 
3x10 cpm/pmol ADP/ATP c a r r i e r the number of binding Sites was 1.7 pmol/mg 
mitochondrial protein and the K was 1.1x10 M . 
+ t r y p s i n : mitochondria were t r l a t e d with 5 ug of t r y p s i n per/mg mitochondrial 
protein p r i o r to the binding assay; - t r y p s i n : untreated mitochondria. 
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12 3 4 5 6 7 8 9 

Fig. 2 . Binding of water-soluble porin to isolated mitochondria. 

Binding of porin to i t s receptor was studied in a s i m p l i f i e d assay System, in 
which isolated mitochondria and a water-soluble form of mitochondrial porin 
were incubated in buffer. The water-soluble porin was prepared from porin 
isolated from mitochondria with detergents, by removal of detergent and l i p i d s 
and by controlled denaturation and renaturation (7). The water-soluble form 
acquired a number of properties of the membrane form a f t e r i n s e r t i o n into 
a r t i f i c i a l l i p i d b i l a y e r s . After radioactive l a b e l l i n g by reductive methylation 
t h i s water-soluble porin was employed to measure s p e c i f i c receptor Sites on 
mitochondria. 
A mitochondrial preparation (2 mg protein) in 1 ml 0.25 M sucrose, 10 mM 
Tris-HCl, 1 nrM EDTA, pH 7.2 (SET) was divided into two halves. To one half 
100 Mg t r y p s i n i n h i b i t o r was added together with 5 ug t r y p s i n and 
incubation performed f o r 15 min at 25 °C. To the second half f i r s t 5 ug 
tr y p s i n were added, the sample was incubated for 15 min at 25 °C and then 
100 ug t r y p s i n i n h i b i t o r were added. Both samples were incubated f o r 3 min 
at 25 °C and then for 10 min at 0 °C. Mitochondria were r e - i s o l a t e d , washed 
once in SET containing 100 ug/ml soybean t r y p s i n i n h i b i t o r and resuspended 
in SET at a f i n a l concentration of 2 mg/ml. Binding of water-soluble porin 
to mitochondria was determined in samples which were prepared by mixing 125 
Ml r e t i c u l o c y t e lysate, 125 ul SET and 18 ul 0.1 M NaP., pH 6.8, 
containing 22 pmol water-soluble porin l a b e l l e d with C by reductive 
methylation ( s p e c i f i c r a d i o a c t i v i t y 82 uCi/Mmol). Three d i f f e r e n t amounts 
of mitochondria were employed: 2,3 : 50 Mg; 5,6 : 100 Mg; 8,9 : 250 Mg. 
Samples 1, 4 and 7 did not contain mitochondria and served to control 
binding to tube walls. Samples 2, 5 and 8 contained mitochondria pretreated 
with t r y p s i n . Samples 3, 6 and 9 contained mitochondria pretreated with 
trypsin in the presence of t r y p s i n i n h i b i t o r . A fter incubation for 20 min 
at 25 °C samples were centrifuged, the p e l l e t s resuspended, transferred to 
new tubes and centrifuged again. A l l were then dissolved in SDS containing 
buffer and subjected to gel electrophoresis. The dried gel was 
f luorographed. 

proteases. It i s reasonable to conclude that d i f f e r e n t types of interaction 

between precursor and receptor may e x i s t depending on the structure and the 

location of the receptor. 

That the receptor bound State i s a true intermediate State in the assembly 

pathway has been shown by the fact that bound precursors can be d i r e c t l y 



392 

imported from the binding S i tes . This import i s e f f i c i e n t and rapid.In the case 

of the ADP/ATP c a r r i e r the import i s 20-30 times f a s t e r than the observed 

import of the free precursor (Fig.3) The receptors i d e n t i f i e d appear to be 

essential components of the import pathway and represent the i n i t i a l mediators 

of the o v e r a l l process. 

1 2 3 4 5 6 7 8 9 10 

4 0 1 2 4 4 0 1 2 4 
Time of Incubat ion (min) 

Fig. 3. Kinetics of import of ADP/ATP carrier from receptor-bound State. 
Mitochondria were allowed to bind the precursor to the ADP/ATP c a r r i e r in the 
absence of a membrane potential (lanes 2-5, 7-10). As a c o n t r o l , import was 
allowed in lanes 1 and 6. After t h i s f i r s t incubation mitochondria were 
rei s o l a t e d and resuspended in fresh medium containing no precursors. The 
membrane potential was reestablished and import allowed f o r the indicated 
times. Then the samples were halved and e i t h e r the ADP/ATP c a r r i e r d i r e c t l y 
immunoprecipitated (lanes 1-5) or assayed f o r assembled c a r r i e r as described in 
ref . 5 (lanes 6-10). The immunoprecipitates were resolved on SDS-PAGE and the 
gel was fluorographed. 

Translocation of precursor proteins across mitochondrial membranes 

We have also studied the translocation of precursors across the mitochondrial 

membranes, in p a r t i c u l a r the movement of proteins destined f o r the inner 

membrane and the matrix. This step requires an energized mitochondrial inner 

membrane. Recent studies have revealed that the import of ADP/ATP c a r r i e r into 

the inner membrane can be driven by a valinomycin mediated K + d i f f u s i o n 

potential (Fig.4). This import cannot be abolished by addition of a 

protonophore. Furthermore, creation of a pH gradient does not stimulate import. 

These findings suggest that the membrane potential&\Jrper se and not the t o t a l 

protonmotive force Ap (with the components A^rarid apH) i s the d r i v i n g force 

f o r import (10). The molecular mechanism of the import, however, i s s t i l l 

enigmatic and l i t t l e i s known at the moment about the putative constituents of 

a translocation machinery. Nevertheless, some d e t a i l s of the actual 
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Fig. 4. Import of ADP/ATP carrier driven by a K diffusion potential. 
The precursor to ADP/ATP c a r r i e r was bound to mitochondria i n the absence of a 
membrane p o t e n t i a l . Mitochondria were re i s o l a t e d and resuspended in fresh 
rredium containing valinomycin and the indicated concentrations of KCl. After 
incubation, samples were treated with Proteinase K to assay f o r imported 
c a r r i e r which was then immunoprecipitated. The immunoprecipitates were resolved 
on SDS-PAGE and the gel was fluorographed. Results were q u a n t i t a t i v e l y 
evaluated by densitometry. 

t r a n s l o c a t i o n process have been unravelled. F i r s t of a l l , the membrane 

traversing step does not depend on nor i s i t o b l i g a t o r i l y coupled to 

p r o t e o l y t i c processing (11). Secondly, the translocation appears to occur at 

s i t e s of contact between inner and outer membrane. Translocation intermediates 

of the ß-subunit of FQF^-ATPase and of cytochrome c^ have been 

observed, which are accessible from both the cytoplasmic and the matrix side of 

the membranes (4). These intermediates were observed when transfer in vitro 

of precursor proteins into mitochondria was carried out at low temperature 

(7°C). They could also be observed by coupling the precursor to i t s antibody 

p r i o r to import and allow the complex to react with mitochondria (Fig.5). The 

comp lex between antibody and precursor i s only p a r t i a l l y imported even at room 

temperature. The orientation of these intermediates i s such that the amino 

terminus i s located in the matrix and thus can be cleaved by processing 

peptidase. The major part of the Polypeptide chain remains in the cytoplasm and 

therefore i s accessible to externally added protease. Interestingly the 

requirerr.ent of a membrane potential extends only to the formation of such a 
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transmembrane orientated intermediate (4). The rest of the Polypeptide chain 

i s translocated even i n the absence of a membrane p o t e n t i a l . Thus the membrane 

potential may have a t r i g g e r i n g role in transmembrane movement of precursors. 

1 2 3 4 5 
A 

Fig. 5. Transport into mitochondria of F«ß precursor bound to its 
antibody. 
Import of the precursor to F.ß into i s o l a t e d mitochondria was car r i e d out 
with free precursor (A) or with precursor bound to i t s antibody (B). After 
incubation of the precursors with mitochondria, mitochondria were r e i s o l a t e d . 
F.ß was imrrunoprecipitated from the various reactions under the usual 
cAnditions (antibody + protein A-Sepharose) (A) or by j u s t adding protein 
A-Sepharose (B). The immunoprecipitates were resolved by SDS-PAGE and 
fluorographed. 
Lane 1: supernatant of reaction 2; lane 2: import into mitochondria; lane 3: 
binding to mitochondria in the absence of a membrane p o t e n t i a l ; lane 4: import 
into mitochondria and subsequent treatment with Proteinase K; lane 5: import 
into mitochondria, immunoprecipitation in the presence of an excess of antigen. 
p, precursor;" m, mature F<ß. 

DISCUSSION 

Two of the components involved in the assembly of mitochondrial proteins have 

been characterized in some d e t a i l . These are the processing peptidase (12,13) 

and the receptors f o r precursor proteins. The import receptors recognize the 

precursor proteins and Channel them to the mitochondria. I t has been shown that 

the aminoterminal part of the precursor i s responsible f o r the in t e r a c t i o n with 

the mitochondrial import machinery (14,15). The nature of the int e r a c t i o n 

between precursor and receptor remains i l l - d e f i n e d . 
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Another unresolved question i s : how do the precursors move from the receptor 

to a contact S i t e and which proteins are involved in forming these S i t e s . 

Possibly only the precursor and the receptor are required to form a contact 

S i t e thus enabling the precursor to reach the inner membrane or the matrix. 

Since at least one of the translocation intermediates appears to be stable 

during f r a c t i o n a t i o n of mitochondria e f f o r t s are being made to enrich and 

i s o l a t e these contact Sites (16). The i s o l a t i o n and characterisation of the 

proteins c o n s t i t u t i n g the transport machinery, would allow the reconstitution 

of import from isolated components and could lead to an understanding of the 

molecular basis of protein sorting and import by mitochondria. 
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SUBJECT INDEX 
Actinomycin D: 148-156 
ADP/ATP carrier: 390, 392 
Aflatoxin B,: 441 
Alkylating agents: 441 
Allantoin: 458-462 
Alu-palindromes: 288 
Amino aciduria: 473 
Aminoacyl tRNA synthetases: 371-378 
Amplification: 52, 94 
Anaerobiosis: 359 
Anti-maturase: 81-84 
Antimitochondrial drugs: 32, 437-444 
Antimycin A: 361-370 
Antisense RNA: 45 
Antisense Strand: 143 
Ascaris suum: 61-69 
Aspartate aminotransferase: 397-404 
Aspergillus: 2, 227, 229-232, 261, 271, 289,293,305, 

307, 324 
Aspirin: 439 
ATP synthase: 280, 393, 409-414 
ATP synthase genes: 101, 260-263, 322 

BHK cells: 165 
Bovine mitochondrial ribosomes: 379-387 
Brettanomyces custersii: 72 

Calcium-metabolism, mitochondrial: 280, 437,442, 
455-464 

Cancer: 21-33, 437-444 
CCCP: 400 
Chemotherapy: 21-33, 437-440 
Chimericism: 52, 57 
Chloramphenicol: 265, 270, 290, 317-324 
Chloroplast genome: 112 
Chlamydomonas reinhardtii: 282 
Chloripramine: 440 
Claviceps purpure a\ 249-256 
Cleavage-polyadenylation mechanism: 66 
CO, see: cytochrome c oxidase 
Codon usage: 81, 103, 130, 298, 309, 313 
Combined modality treatment: 31, 32 
Complementation: 242, 373 
Complex I, see: NADH-dehydrogenase 
Complex III, see: cytochrome bcx complex 
Complex IV, see: cytochrome c oxidase 
Coördinate expression: 3 
Cosmids: 125 

COX, see: cytochrome c oxidase 
Crithidia fasciculata: 99, 101, 109, 325-336, 339 
C-terminal processing: 289 
Cycloheximide: 317-324 
Cycloleucine: 165-169, 358 
Cy RNA: 167-173 
Cytochrome b gene: 3, 5, 16, 17, 86, 100, 227-236, 

260 
Cytochrome bc{ complex: 21, 260, 322 
Cytochrome c oxidase, activity of: 22-31, 107, 121, 

322, 418, 465 
Cytochrome c oxidase genes: 3, 5, 9, 16, 17, 21, 100, 

101, 111-122, 188, 260, 325-336 
Cytochrome deficiency: 465-476 
Cytochromes spectrum: 367, 465-476 
Cytoduction: 7 
Cytostatic agents: 28, 31, 32 
Cytotoxic T lymphocytes: 445 

Deletions: 40, 73-77, 90, 232, 286, 341, 356 
Diaminopurine: 439 
Differentiation: 417-425 
Difluoromethylornithine (DMFO): 337 
Diversity of mitochondrial DNA: 71-78 
D-loop: 40, 41, 42, 51, 135-141, 175-182 
DNA-DNA hybridization: 5 
DNA-recombinase: 13, 16, 17 
Doxycycline: 25, 29, 30, 31 
Drosophila yakuba: 61-69, 367 
Dual promoters: 196-198 
Duplications: 73-79, 93, 94 
Dyskinetoplastic strains: 332 

Electron paramagnetic resonance: 278, 282 
Elongation factor EFTu, mitochondrial: 373 
Embryogenesis: 52, 57 
Emetine: 428 
Endonuclease: 7,216 
Endosymbiosis: 380 
Energy-generating capacity: 21, 22, 31 
EPR, see: electron paramagnetic resonance 
Escherichia coli: 79-88, 106, 188, 196,221-224,372 
Ethidium bromide: 76, 148, 153, 441 
Evolution, genomic: 1-20, 37-47, 49, 61-69, 71-78, 

89-97, 99 
Evolutionary relationships: 1, 77-75,339,353,359, 

371, 376, 379, 385, 398 
Expression vector, yeast: 413 
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Fibroblasts, chicken embryo: 398 
Filter binding assay: 87 
Finger printing analysis: 146, 259, 260 
Fit 1 gene: 349-354 
Frame shifts: 103, 287, 325-336, 356 
Fused proteins: 82, 410-414 
Gametogenesis: 49 
GC Clusters: 91-96, 285, 299 
Gene expression: 1-20, 43, 81-82, 151, 293-304, 

325-336, 337-346, 355-360, 361-370 
Gene processing: 6 
Gene rearrangements: 63, 73-77, 90, 117 
Genetic code: 66, 79-81, 103, 123, 130, 221, 296 
Glucose repression: 359 
Glycolysis: 22, 337, 437 
Gossypol: 439 
Guanylyltransferase: 198, 238 

Hamster cells (see also BHK cells): 291 
Heavy Strand promoter = HSP: 135, 177 
HeLa cells: 145-163, 169, 259-275, 3Q7, 418-421 
Hepatectomy, partial: 23, 24 
Herpetomonas samuelpessoa: 99 
Heteroduplex analysis: 113 
Heteroplasmy: 50-58, 358, 428 
Histocompatibility complex: 445-454 
HM protein: 85 
Human hepatoma: 383 
Hybridization experiments: 75, 126, 170, 178, 187, 

207, 250, 335, 419, 433 
Hybridoma: 449 

Immunodetection: 83, 84, 239, 259-271, 381, 393, 
428 

Immunosuppression: 32 
Induction: 361-370 
Initiation codon: 65, 66, 325-336 
Initiation of transcription: 136 
Insertion: 40, 90, 217, 232 
Intergenic sequences: 89-97, 135, 183, 203, 209, 213 
Intervening sequences: 1, 3 
Intron encoded proteins: 1-20, 79 
Introns, mitochondrial: 1-20, 79, 90, 183, 215-225, 

227-236, 237-247, 295-298, 305, 313, 358 
Inversion: 63 
Inverted repeats: 339 
In vitro transcription System: 148,152,175,183-191 
Isozymes, tissue-specific: 465-476 

Kalilo variants: 245 

Keratocytes; 438 
Killer cells: 445 
Kinetoplast DNA: 99-110, 325-366, 337-346 
Kluyveromyces: 2, 252, 255 

D-lactate ferricytochrome c oxidoreductase: 
361-370 

L-lactate ferricytochrome c oxidoreductase: 
361-370 

Lariats: 188 
Leader sequence: 155, 355-360 
Leishmania tarentolae: 99-110, 272, 325, 335, 339 
Leptomonas: 99, 109 
Lewis lung Carcinoma (LI210): 439 
Leydig cell tumor: 28, 278 
Light Strand promoter = LSP: 135, 136, 176, 177, 

180 
Liver regeneration: 23, 24 
Ludiomil: 439 

Maize: 111-122, 252, 255, 272 
Male sterility, cytoplasmic: 111-122, 123-132 
Manipulation of genes: 405-414 
Maternal inheritance: 49-59, 427-436, 445-454, 

465-476 
Maturase: 3, 5, 9, 10, 1 1, 13, 79-88, 183, 188, 231, 

287, 298, 306 
Mauriceville plasmid: 243-245 
Maxicircle DNA: 99-110, 325-336, 337-346 
Meiosis: 55-58 
Membrane potential: 392-394 
Methylation: 165-174 
Methyltransferases: 165 
Minicircle DNA: 99, 325, 332-336, 337-339, 345 
Mitochondrial DNA of animals: 37-47, 259-275, 

427 
Mitochondrial DNA of invertebrates: 61-69, 79, 

99-110, 249-256 293-304, 325-336 
Mitochondrial DNA of plants: 111-122, 123-132 
Mitochondrial genes, primary structure: 37-40, 77, 

89-97 
Mitochondrial meiosis, see: meiosis 
Mitochondrial plasmids: 243-247, 249-256 
Mitochondrial protein synthesis: 23-32, 221, 259, 

277-283, 320 
mRNA genes: 38 
Mta = maternally transmitted antigen: 445-454 
Mus castaneus: 447 
Mus spretus: 447 
Mutagenesis: 79-81, 216, 372, 403, 409 
Mutations: 9, 16, 355 
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Mutations, cis-dominant: 9, 16 
Mutations, trans-recessive: 9 
Myoclonic epilepsy: 429 
Myopathy: 429, 473 

NADH-dehydrogenase: 21, 61, 63, 156, 264-273, 
277-283, 285, 306-309, 313, 317-324 

ND subunits, see: NADH-dehydrogenase 
Neurodegenerative disease: 427-432 
Neurospora crassa: 2, 94, 188, 237-247, 254, 271, 

277-283, 285-292, 293-304, 305-316, 317-324, 
389-396 

Neurospora intermedia: 243, 245 
Neurospora tetrasperma: 243 
Nick-translation: 402 
Nonanucleotide box: 184, 186, 194, 207, 212 
Northern analysis: 12, 120, 188, 194, 196, 212, 241, 

384, 422 
Nuclear genes: 355-360,361-370,371-378,379-387 
Nucleic acids wielding proteins: 17, 18 
Nucleo-mitochondrial incompatibility: 7, 12, 13 
Nucleotidyltransferase: 145 

01igo(dT)-cellulose: 156, 157 
Oligomycin resistance: 408 
Oligonucleotide directed mutagenesis, see: muta-

genesis 
Oncogenes: 442 
Oögenesis: 53-57, 175 
Open readingframe: 2, 11,91,94,100, 119,215,221, 

229, 298, 306, 311, 312 
Origin of replication: 40, 62, 135-144, 176 
O/'-sequences: 89-97, 408 
ORF, see: open reading frame 
Ornithrine decarboxylase: 337 
Oxidative phosphorylation: 21, 271, 277-283, 285, 

417-421, 465-476 
Oxytetracycline: 23, 24, 25, 277 

Phylogeny: 39 
Piercidin A: 280, 290 
IPlasma membrane: 31, 441, 445-454 
\Podospora: 2, 254, 307 
jPolyadenylation: 145, 151, 158, 168-172, 341 
Polycistronic RNA: 145, 148, 161, 203, 286 
Polynucleotide kinase: 176 
Porin: 390 
Posttranscriptional modification: 165-174, 

341-345, 355 
Primer extension product: 197, 204-207 
Priming Signals: 136, 140, 141, 176, 180, 327 

Proflavine: 153 
Proliferation arrest: 23-32, 440 
Promoter sites: 40, 82, 95, 105, 113, 135-144, 152, 

159, 173, 177, 180, 183, 194-197, 301, 342 
Pronase: 147 
Protonmotive force: 392 
Pseudogenes: 103, 107, 331, 385 
Pstl-palindrome: 238, 244, 286, 299, 301 
Pyridoxal-5'-phosphate: 401 

Rat liver: 277-283, 417-425 
Receptors; 389-396 
Recombinant plasmids: 87, 124, 148, 159, 175, 184, 

221-224, 252, 371, 402, 406 
Recombination: 7, 13, 16, 17, 50, 77, 95, 111-122, 

123, 301 
Renal Carcinoma: 28 
Replication: 40, 42, 43, 56, 93, 94, 135-144 
Restriction mapping: 12, 17, 50, 111, 119, 176, 178, 

245, 249, 334 
Restriction site polymorhism: 51, 428, 451 
Reverse transcription: 6, 159, 243, 327, 331 
Revertants: 117, 356 
Reye's Syndrome; 455-464 
Rhodamine: 439 
Ribosome assembly: 240, 313, 379-387 
Ribosome binding site: 44 
Ribosomal proteins: 379-387 
RNA, ribosomal: 6, 106, 150 
RNA-editing: 332 
RNA-maturase, see: maturase 
RNA-polymerase: 150, 152, 159, 175, 178, 180, 183, 

422 
RNA-processing: 95, 145-163, 165-174, 183-191, 

193-202, 203-214, 237-247, 286, 301, 341, 342, 
358, 381 

RNA-splicing, see: splicing 
RNAse: 140, 146 
RNAse H: 158, 161 
RNAse P: 145-148, 161, 193, 198-201, 203 
RNAse Tl : 178, 184, 198 
Roser T-cell leukaemia: 28-31 
rRNA genes: 38, 44, 63, 65, 90, 100, 113, 150, 

183-191, 312, 325, 340 
Run-off transcription: 139, 184, 188 

S 1 nuclease: 149, 170-171, 175, 178, 181,204-207, 
331, 422 

S-5, ribosomal protein: 239, 298 
Saccharomyces carlsbergenesis: 89 
Saccharomyces cerevisiae: 2-17, 71-78, 79, 89-97, 

file:///Podospora


482 

183-191, 193-202, 203-214, 215-225, 227-236, 
262, 271, 293, 309, 349-354, 355-360, 361-370, 
371-378, 405-414 

Saccharomyces douglasii; 7-17 
Saccharomyces exiguus', 72 
Salycilate: 458-460 
Schizosaccharomyces: 2, 72, 231, 262, 271, 309 
Seeale cereale: 256 
Segregation: 52, 428-434, 447 
Self-splicing: 3, 186-189, 215, 237, 241, 288 
Sequence Variation of mtDNA: 49, 73-77, 90 
Signal peptide: 356, 369,376,389-396,397-404,410 
Sodium dodecyl sulphate = SDS: 266 
Sorghum: 111-122 
Southern analysis: 12, 17, 170, 250, 253, 334, 385, 

433 
Splicing: 3, 9, 79-88, 104, 183-191, 234, 240, 288, 

306, 331, 355 
Splicing deficient mutants: 5, 9, 11 
Stern cells; 28, 31 
Slopper mutants: 245, 285-292 
Substitutions of bases (silent/replacement): 38, 39, 

67 
Succinate-ubiquinone oxidoreductase = succinate 

dehydrogenase: 265, 280 
Suppressors: 234, 356 
Symmetrie transcription: 213 
Synchronization: 32 
Synthetic genes: 409-413 

Termination signals: 150, 152, 176 
Tetracyclines: 21-33 
Tetrad analysis: 363-366 
Tetrahymena: 3, 105, 186, 227, 237, 240 
Thyroid hormone: 417-425 
Torulopsis glabrata: 72 
Transcription: 105-107, 113, 135-144, 145-163, 

175-182, 203-214, 301, 341-345, 417-425 
Transesterification: 5, 240 

Transformation: 405-414 
Translation: 355-360, 368 
Translation slippage: 287 
Translocation: 63, 94 
Transmembrane movement: 389-396 
Transmission of mitochondrial genes: 49-59 
Transport of proteins: 389-396 
Transposable elements; 18, 215, 237, 243, 442 
Transposase: 215-225 
Transposition, duplicative: 6, 215, 220, 237 
tRNA genes: 38, 40, 63, 65, 105, 123-132, 203-214 
tRNA synthesis locus: 193-202 
Trypanosoma brucei: 99-108, 272, 307, 325-336, 

337-346 
Trypanosoma cruzi: 99, 339 
Trypanosoma equiper dum: 339 
Trypanosoma evansi: 332 
Trypanosoma lewisii: 339 
Trypanosomes: 99-110, 325-336 
Tumors/tumor cells: 21-33 

Unidentified (unassigned) reading frame: 61, 
259-275, 277, 285-292, 294, 296, 305-316, 327 

Universal mitochondrial genes: 273 
URF, see: unidentified reading frame 
Uric acid: 455-464 

Valinomycin: 392 
Var 1 gene: 90, 94, 371 
Variant surface glycoprotein (VSG): 332 
Varkud plasmid: 243-245 

Walker sarcoma: 28, 440 
Western analysis: 83, 84, 239, 382 

Xenopus: 45, 175-182 

Zajdela hepatoma: 23, 25, 28 


