Mitochondria 1983
Nucleo-Mitochondrial Interactions

Proceedings of a Conference held in
Schliersee, Germany, July 19-23, 1983

Editors
R. J. Schweyen - K. Wolf - F Kaudewitz

W

DE

G
Walter de Gruyter - Berlin - New York 1983




CONTENTS

REVIEWS

Mitochondrial Genes, Mutants, Maps - A Review

B. DUJON it ineencennens

Mitochondrial Gene Expression 1983

L.A. Grivell .......c.... et C e e e et e

Import of Proteins into Mitochondria - A Survey
M. Yaffe .......... ...

REPLICATION AND TRANSCRIPTION OF mtDNA

The Replication of Yeast Mitochondrial DNA

G. Baldacci, G. Bernardi ............ C et s e e e e

Ssome Ionophores Act Preferentially on Mitochondria in
Intact Cells of Saccaromyces cerevisiae and Induce
Respiration-Deficient Mutants

L. Kovac, V. KlODUCNIKOVA ..ttt nenneoeoeneenoeeanasanos

Initiation and Transcription of Yeast Mitochondrial RNA

J.C. Edwards, Th. Christianson, D. Mueller, T.K. Biswas,
D. Levens, D. Li, J. Wettstein, M. Rabinowitz ...........

Initiation of Transcription of Yeast Mitochondrial DNA

H.F. Tabak, K.A. Osinga, E. de Vries, A.M. van der Bliek,
G.T.J. van der Horst, M.J.A. Groot Koerkamp, G. van der
Horst, E.C. Zwarthoff, M.E. MacDonald ......ceevuieeeenens

Functions of Non-Genic DNA in Yeast Mitochondria

H.P. Zassenhaus, R.A. BUtOW ... ..ttt itirtieeeneeeneneennn

25

47

57

65

69

79

95



X

Organization of the Aspergillus nidulans
Mitochondrial Genome

C. Scazzocchio, T.A. Brown, R.B. Waring, J.A. Ray,
R.W. Davies ....v.oun. ettt ettt et e e e .... 302

Sequence of the Mitochondrial DNA, Arrangement of
Genes and Processing of Their Transcripts in
Schizocaccharomyces pombe

B.F. Lang, . Ahne, S. Distler, H. Trinkl, F. Kaudewitz,
K. WOolf ittt iiiiiiieneonnns A B B

Nucleotide Sequence and Transcript Mapping of a mtDNA
Segment Comprising CO 1, tRNAzrq, and Several Unidentified
Reading Frames in Neurospora crassa

G. Burger, S. Werner ........ f e e C et e e eeseseeaeeaas 331

The Expression of the Mitochondrial Genes for Subunit 1
of Cytochrome c Oxidase and for an ATPase Proteolipid
in Neurospora crassa: Nucleotide Sequences and Tran-
script Analysis

H. de Vries, J.C. de Jonge, A. Arnberg,
Ad A.C.M. Peijnenburg, E. Agsteribbe ........c.veieeeev... 342

Expression of Split Genes of the Neurospora crassa
Mitochondrial Genome

M. Helmer Citterich, G. Morelli, M.A. Nelson, G. Macino .. 357

Mutations of the Rat Mitochondrial Genome

K. Koike, M. Taira, Y. Kuchino, K. Yaginuma,
T. Sekiguchi, M. Kobayashi ......c.iiiiieeeeenennnaeennnaas 372

Organization of the 21S rRNA Gene in Saccharomyces
cerevisiae: Mutants of the Peptidyl Transferase Centre
and the Nature of the W-Locus

B. Dujon, A. JACULIEY ittt oesoeeeeescnesoensoeseassseenns 389

The Corrected Sequence of the First Intron of the Cob-
Box Gene in the Yeast Strain 777-3A

J. Lazowska, A. Gargouri, P.P. Slonimski ................. 405



NUCLEAR CONTROL OF MITOCHONDRIAL FUNCTIONS

Nuclear Mutants Defective in Processing of cob and
oxi 3 Transcripts in Saccharomyces cerevisiac

J. Kreike, B.

T. Pillar,

F. Lang, F.

Kaudewitz .oveeeeeennn

Interference of S. cerevisiae Nuclear Mutations with
Mitochondrial rRNA Biosynthesis and Oxi 3-Transcript

Maturation

J. Naggert

’

E. Schweizer

s e e 0 0 0 s e

Processing of the Oxi-3 Pre-Messenger RNA in Yeast

G. Faye, M.

Simon ......

IREEEEEREE

Mitochondrial Inheritance of a Variant Form of the oxi2
Transcript in Saccharomyces cerevisiae

Th.D. Fox,

M.K. Reilf ..ttt ittt iietiieerenenenenann

A Precursor to Subunit II of Cytochrome Oxidasec in
Saccharomyces cerevisiae

G. Mannhaupt, G. Michacl
D.C. Hawthorne .........

is, E. Pratje,

E. Schweizer,

Mitochondrial Ribosomal RNA Mutations and Their Nuclear
Suppressors in Ycast

M. Bolotin-Fukuhara, F.

Sor, H. Fukuhara ......... et

Cytoplasmic Synthesis of Proteins of the Mammalian
Mitochondrial Ribosome

G.L. Schieber, Th. W. O’

Brien ....

Diuron Resistance in Saccharomyces cerevisiac

A.-M. Colson, A. Fauconn

Nuclear Mutants Affected in the Recombination of Mitochon-

ier, B. Meunier

drial DNA in Saccharomyces cerevisiae

F. Foury,

J.

Kolodynski

e o 0 s o 6 s s s e e s e s e e e

XI

411

425

433

441

449

455

469

481

487



Xl

Genetic Control of the Biogenesis of Cyanide Insensitive
Respiration in Neurospora crassa

H. Bertrand, C.A. Argan, N.A. SzZakKacCS .. uuiitereeessoeseons 495

The Role of Heme and Oxygen in the Regulation of
Mitochondrial Cytochromes

Th. Mason, H.N. Little, C. VanSickle, L. Guarente ........ 509

About the Regulation of Protoheme Synthesis in the
Yeast Saccharomyces cerevisiae

R. Labbe-Bois, D. Urban-Grimal, Ch. Volland,
J.M. Camadro, P. DEhOUX .« .i vttt eeeeeanoonesoensasssoosass 523

Monoclonal Anti-Ht-ATPase Antibodies in the Study of
the Assembly of the Yeast Mitochondrial H*-ATPase

S. Marzuki, R.G. Hadikusumo, W.M. Choo, L. Watkins,
H.B. Lukins, A.W. LiNNAGNE .. .ueeeureeeeeocesacccooconooosns 535

IMPORT OF PROTEINS INTO MITOCHONDRIA

Transport of Cytochrome ¢ into Mitochondria: Involvement

of Specific Receptors and of Cytochrome ¢ Heme Lyase

B. Hennig, H. KShler, W. NEUPErt ....uuieeinereoenonnncenas 551

Mitochondria and the Import Problem. Genes for Imported
Subunits of the Ubiquinol-Cytochrome ¢ Reductase

L.A. Grivell, A.P.G.M. Van Loon, M. De Haan,
A.C. Maarse, A. Dekker ..... ittt ieteeeeeneeeoannans 563

A Model System for the Study of Transport of Proteins
into Mitochondria

E. Marra, S. Passarella, M. Greco, C. Saccone,
E. Quagliariello, S. DOONAMN .ttt tteeeeeneeeesosoneeness

Biosynthesis and Topogenesis of Cytosolic and Mitochon-
drial Aspartate Aminotransferase

Ph. Christen, R. Jaussi, P. Sonderegger, H. Gehring,
U. Graf-Hausner, R. Behra, J. Flluckiger, R.C. Skoda ..... . 593



Xl

Import of ATP2-LacZ Gene Fusion Proteins into Mitochondria

B.L. Geller, M.L. Britten, C.M. Biggs, M.G. Douglas,
S.D. EMr ...eveeeeenn e 607

Assembly of the Mitochondrial ATPase in Saccharomyces
cerevisiae

A.S. Lewin, L.J. Wells, D.K. Norman ........ c et s e oo 621

AUTHOR INDEX veeetnetneeennennoneneneennnn e N W)

SUBJECT INDEX veeeeeevannn e eate e e 639



TRANSPORT OF CYTOCHROME C INTO MITOCHONDRIA:
INVOLVEMENT OF SPECIFIC RECEPTORS AND OF CYTOCHROME C HEME LYASE.

Bernd Hennig, Helmut Kohler and Walter Neupert

Institut fir Biochemie, Universitdt Goéttingen

The individual steps in the transport of mitochondrial proteins to
their final submitochondrial destinations may differ for the various
proteins (c.f. ref.l). Cytochrome c is assembled in the intermembrane
space of mitochondria. It is coded by a nuclear gene, translated as an
extramitochondrial precursor, apocytochrome c, on free cytoplasmic ribo-
somes and post-translationally transported into mitochondria. Its
transport pathway is distinct from pathways used by other extramitochon-
drial precursors (2) and has several remarkable features: 1) The precur-
sor becomes covalently linked to protohemin; 2) It is not proteolytically
processed; 3) Its transport into mitochondria does not depend on the
energized state of the inner membrane.

With aid of specific antibodies that discriminate between apo- and
holocytochrome ¢ we are investigating the details of transport and assem-
bly of cytochrome ¢ in cell-free, reconstituted systems prepared from
Neurospora hyphae (2-7).

Previously we reported that in the cell-free system apocytochrome ¢
is rapidly transported into mitochondria and no intermediate accumulation
of apocytochrome c in mitochondria is observed (5). However, with the heme
analogue deuterohemin reversible inhibition of transport of apocytochrome
c has been achieved. Two steps have thus been resolved: 1) Specific
binding of apocytochrome ¢ to the mitochondrial surface. 2) Transloca-
tion of apocytochrome c across the outer membrane and attachment of heme.
We have determined some characteristics of these steps. The results
strongly support our suggestion that specific apocytochrome ¢ receptors
and a special converting enzyme are involved in the assembly of cyto-

chrome c.
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Apocytochrome ¢ 1is recognized by specific receptors at the

mitochondrial surface.

Apocytochrome ¢ obtained by translation in a cell-free system from
Neurospora hyphae firmly binds to mitochondria in the presence of deutero-
hemin. It 1is not removed from mitochondria by washing with isotonic buf-
fer. By a series of experiments we have demonstrated that this binding is
specific, bhinding sites are located at the surface of mitochondria, and
binding 1is related to transport of apocytochrome c into mitochondria and
conversion to holocytochrove ¢ (5, 6).

First, binding is specific: Bound labelled apocytochrome c is dis-
placed from Neurospora mitochondria by increasing amounts of unlabelled
Neurospora apocytochrome c, bhut not by holocytochrome c. Apocytochromes ¢
from different eucaryotic species displace bound Neurospora apocytochrome
c with different efficiency (ref.6 and Tab.I). This efficiency 1is not
correlated to the net charge of the various apocytochromes. Rather it
seems to be related to an adressing signal (8) which might recognize the
receptor. This assumption is supported hy the finding that apocytochrome c

from the procaryotic species Paracoccus denitrificans does not displace

bound Neurospora apocytochrome ¢ from Neurospora mitochondria despite the
close homology of Paracoccus cytochrome c with eucaryotic cytochromes c.
It is remarkable that a hydrophobic sequence which may form the addressing
signal and which is invariably present in the C-terminal half of all
eucaryotic cytochromes ¢, is lacking in Paracoccus cytochrome c .

Second, apocytochrome ¢ is bound at the surface of mitochondria: When
mitochondria with bound apocytochrome c were gently treated with trypsin,
the apocytochrome c associated with mitochondria was degraded whereas
endogenous holocytochrome ¢ contained in the intermembrane space remained
unaffected (5).

Third, binding is related to transfer of apocytochrome ¢ into mito-
chondria: A mixture of deuterchemin-treated mitochondria containing bound
apocytochrome c¢ and of mitochondria not pretreated with deuterohemin was
orepared and incubated under conditions that were appropriate for uptake
and concersion of apocytochrome c. It was observed that apocytochrome c
was not detached from the deuterohemin-treated mitochondria and was not

transferred to the non-inhibited mitochondria where it would have been
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converted to holocytochrome c. However, when protohemin had been added to
the mixture, conversion of apocytochrome ¢ was taking place. Control
experiments showed that the non-inhibited mitochondria retained their
activity for transport and conversion of apocytochrome ¢ in the mixture:
when freely dissolved, labelled apocytochrome ¢ was added to the mixture,
the added apocytochrome c was converted in contrast to the bound apocyto-

chrome c (6).

Tab. I. Specificity of apocytocarome ¢ binding to mitochondria.

Unlabelled protein used for displacement Relative affinity

of bound labelled apocytochrome c (% displacement of
labelled apocyto-

Species Net charge at pd 7 chrome ¢)

Neurospora apocytochrome c +4 100

Horse apocytochrome ¢ +9 70

Rat apocytochrome c +9 70

Yeast iso-l-apocytochrome c +8 70

Parsnip apocytochrome ¢ +7 50

Paracoccus denitrificans

apocytochrome ¢ -4 0

N-terminal fragment (Pos.-5/+59)

of Neurospora apocytochrome c +4 o]

Neurospora holocytochrome ¢ +7 0

Polylysine (1 nmol/ml) +60 o]

(average chain length
60 residues)

Neurospora 3H—apocytochrome c was synthesized by cell-free
translation and bound to deuterohemin-treated Neurospora mito-
chondria. Samples were mixed with 10 - 104 pmoles unlabelled
apocytochrome c/ml and incubated 15 min at 25°C for equilibration
between free and bound apocytochrome c. Mitochondria were reiso-
lated by centrifugation, 1lysed with Triton X-100 and the 3y-
apocytochrome ¢ was adsorbed onto Protein A-agarose using speci-
fic antibodies. The immunoprecipitate was subjected to electro-
phoresis by SDS-PAGE and radioactivity determined in gel slices.
The displacement measured at 10 nmol unlabelled protein/ml is
shown (c.f. also ref. 6).
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In order to determine precisely the binding parameters it is neces-
sary to have sufficiently large amounts of apocytochrome ¢ with known
specific radioactivity. Reductive methylation of apocytochrome ¢ by 14._
formaldehyde and cyanoborohydride results in modification of all but a few
lysine residues by mono- and dimethylation. This was found to be a conve-
nient method as methylation does not distort binding (6, 7).

Mitochondrial binding sites were titrated employing this apocyto-
chrome ¢ until complete saturation was obtained. Free and bound apocyto-
chrome c was determined after equilibration. The results were transformed
into a Scatchard plot in order to calculate binding parameters. A biphasic
curvature 1is observed demonstrating the presence of two kinds of binding
sites (ref.6 and Fig. 1): some 90 pwol high-affinity binding sites per mg
mitochondrial protein with an association constant of K = 2.2 x 107 w1
and a larger number of low-affinity binding sites with K, = 4 x 106 ML,
It is the high-affinity binding sites that represent the specific binding
sites involved in transport of apocytochrome ¢ into mitochondria. The
low-affinity binding sites presumably represent unspecific binding.

The assay for the presence of the high-affinity binding sites is a
suitable experimental approach for defining the binding and for isolation
of the corresponding receptor. The interaction between apocytochrome c
and its mitochondrial receptor appears to be essentially hydrophobic. The
presence of very low amounts of non-ionic detergents (0.01 & Triton
X-100), that d4id not solubilize the mitochondrial membranes, significantly
reduced binding of apocytochrome ¢ to mitochondria, but binding was
recovered after removal of the detergent from the mitochondrial suspen-
sion. In contrast, neither the polycationic peptide polylysine (1 nmol/ml)
nor low concentrations of the divalent cations Mg2+ and CaZ* ( 1-5 mmol/1)
did interfere with apocytochrome c binding. Gentle treatment of mito-
chondria with trypsin completely abolished the high-affinity binding
(Fig.1l). This indicates that the receptor is a protein.

Extraction of the receptor from mitochondria has been achieved using
the detergent octylglucoside (0.8-1.7 %). When the extracted matesrial was
inserted into liposomes prepared from asolectin, the specific high-affini-
ty binding sites were recovered. High-affinity binding of apocytochrome c
is not an intrinsic property of the liposomes themselves. Differential

extraction of mitochondria and purification of the apocytochrome c recep-
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tor by column chromatography is now under study and so far has succeeded

up to a 45-fold enrichement.
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Fig. 1. Apocytochrome c binding to mitochondria (Scatchard plot)
and protease sensitivity of the receptor.

Neurospora mitochondria were isolated and resuspended in iso-
tonic buffer (sucrose/MOPS pH 7.5) containing 30 nmol deutero-
hemin/ml. Samples were titrated with increasing amounts of Neuro-
spora - “C-methylated apocytochrome c (0.9 Ci/mmol protein). After
15 min at 25°C mitochondria were spun down. Free and bound apo-
cytochrome c was determined by scintillation counting of radioac-
tivity in the supernatant and the mitochondria, respectively.
Trypsin sensitivity of binding sites was investigated by treat-
ment of mitochondria with 40 ug trypsin/ml x mg mitochondrial
protein for 15 min at 25°C. After addition of soybean trypsin
inhibitor mitochondria were titrated with apocytochrome ¢ as
above.
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Heme attachment to apocytochrome ¢ is mediated by an enzyme.

The conversion of apo- to holocytochrome ¢, i.e. the covalent at-
tachment of protohemin to apocytochrome c, does not proceed spontaneous-
ly. This reaction rather requires certain conditions which strongly sug-
gest that it is catalyzed by an enzyme. This enzyme must be either con-
tained as a soluble protein in the intermembrane space or located at the
inner side of the outer membrane (5, 9).

First, the insertion of protohemin in cytochrome ¢ is theoretically
possible in two alternative ways, but actually takes place stereospe-
cifically (Fig. 2): the vinyl group at carbon atom C 3 of protohemin is
only attached to the cysteine at position 17 of cytochrome ¢ and the vinyl
group at carbon atom T 8 to the cysteine at position 14. Only this parti-
cular stereospecific insertion leads to the native, functional conforma-
tion of holocytochrome c (10).

Second, certain heme analogues, which completely lack vinyl groups
and therefore cannot be linked to apocytochrome c, compete with the phy-
siological substrate, oprotohemin, and inhibhit conversion. In addition,
there is a remarkable structural specificity determining whether a heme
derivative competes with protohemin or does not interfere with conversion
(Fig. 2): Deuterohemin and mesohemin efficiently compete with protohemin.
In contrast, hematohemin, which has two hydroxyethyl sidechains, does not
compete at all with protohemin and does not interfere with conversion. A
similar but distinct competition of porphyrin substrates is known with the
ferrochelatase (11). It seems as if the hematohemin would not fit into the

substrate binding site of the putative converting enzyme.

Fig. 2. Stereospecificity and substrate specificity for cova-
lent attachment of the heme group to apocytochrome c.

3H—-apocytochrome c was synthesized in a cell-free system pre-
pared from Neurospora hyphae. Mitochondria were preincubated with
the various heme derivatives (10 nmol/ml) for S5 min at 25°C and
then mixed with the postribosomal supernatant containing the 3y
apocytochrome c. 3H—holocytochrome c formed after 30 min at 259
was immunoprecipitated and radioactivity determined as described
in Tab. I.



Heme derivative

added

None (= control)
Protohemin
Deuterohemin
Mesohemin

Hematohemin

Pempt-ohemin

Isopemptohemin

Deuterohemin +

Deuterohemin +

Substitution

at C 3 at C 8
—CH=CH2 —CH=CH2
-H -H
—CHZ—CH3 —CHZ—CH3
-CH—CH3 —CH-CH3

OH OH
-H -CH=CH2
—CH%HZ -H

Protohemin

Protoporphyrin IX

557

Holocytochrome ¢

formed

100

100

20

19

95

20

20

86

18

(®)
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Third, the simultaneous presence of two vinyl groups at the heme sub-
strate is required for linkage to apocytochrome c . The two heme deriva-
tives, pemptohemin and isopemptohemin, have only a single vinyl group at
the carbon atoms C 8 and C 3, respectively. Theoretically, covalent at-
tachment of pemptohemin to apocytochrome ¢ via a thiocether linkage between
the single vinyl group at C 8 and the cysteine 14 would appear possible,
as well as of isopemptohemin via the vinyl group at C 3 and the cysteine
17. In fact, neither pemotohemin nor isopemptohemin are used as substrates
for the attachment to apocytochrome ¢ but rather inhibit conversion like
deuterohemin (Fig. 2).

Furthermore, the presence of two vinyl groups in the porphyrin system
is a necessary requirement, but in addition also the iron must be present
in the porphyrin molecule: protoporphyrin IX is not used as a substrate
(Fig. 2) although it is otherwise identical to protohemin and artificially
can be introduced in cytochrome c (12).

Tab. II. Requirement of a cytosolic factor for conversion.

Neurospora wmitochondria were incubated with deuterohemin (10
nmol/ml) and mixed with a postribosomal supernatant containing
H-apocytochrome c. After incubation for 15 min at 25°C mitochon-
dria were isolated by centrifugation and resuspended in the
different media as indicated. Formation of 3H—holocytochrome c
was determined as described in Fig. 3. The amount is given as
counts/ min x ml assay x mg mitochondrial protein:

Treatment of mitochondria Holocytochrome c formed

1. Resuspension in unlabelled
postribosomal cytosol

+ protohemin (10 nmol/ml) 3,230
2. Resuspension in isotonic

buffer (sucrose/MOPS, pH 7.5)

+ protohemin (10 nmol/ml) 0
3. Resuspension in isotonic

buffer (sucrose/MOPS, pH 7.5)

+ protohemin (10 nmol/ml)

+ cytosolic extract 2,045
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Finally, a cytosolic cofactor is required to promote conversion. When
deuterohemin-treated mitochondria associated with bound apocytochrome c¢
were resuspended in unlabelled cytosol with addition of protohemin, con-
version was resumed. However, when they were resuspended in defined isoto-
nic buffer and excess protohemin was added, no conversion took place.
Conversion was then resumed only after addition of a deproteinated extract
prepared from the extramitochondrial cytosol (Tab. II). A similar finding
was previously reported by others (9). We assume that the cytosolic ex-
tract contains a cofactor which is requirasd by the putative enzyme to
activate either the vinyl groups of the protohemin or the cysteine SH-
groups of apocytochrome ¢ in order to initiate the subsequent covalent
coupling.

The putative enzym has to be named cytochrome ¢ heme lyase according
to the recommendations given by the IUPAC/IUB Comnittee on Enzyme Nomen-
clature. Experiments to locate the enzyme in submitochondrial fractions or
even to isolate it, have failed as yet. The converting activity has been
lost whenever the intact structure of mitochondria was disrupted by soni-

cation, osmotic swelling - shrinking or lysis with non-ionic detergents.

Concluding remarks: Transfer of apocytochrome c across the

outer membrane of mitochondria.

Protohemin is covalently attached to apocytochrome ¢ within mito-
chondria. The reaction does obviously not take place at the mitochondrial
surface. Otherwise holocytochrome ¢ would be formed at the cytoplasaic
side of the outer membrane and holocytochrome c but not apocytochrome ¢
would be translocated across the outer membrane. This is clearly not the
case. The findings unequivocally demonstrate that apocytochrome ¢ and not
holocytochrome c competes for binding and transport (2, S, 6).

On the other hand, covalent attachment of orotohemin to apocytochrome
c and translocation of the protein across the outer membrane must be
intimately coupled events. When conversion of apo- to holocytochrome ¢ is
prevented by deuterohemin, apocytochrome ¢ does not accumulate in the
intermembrane space but remains firmly bound to the receptor sites (5).

Transport into mitochondria only proceeds when conversion is resuming.
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Considering these two aspects we have arrived at the following hypo-
thesis for the assembly of cytochrame c: Binding of apocytochrome ¢ to
its receptor may arrange the precursor at the outer membrane in such away
that it becomes competent for transfer across the membrane. That part of
apocytochrome c, which carries the heme binding region, might then pro-
trude through the outer membrane, perhaps via a pore close to the receptor
or via a channel formed by the receptor itself. Thus the cysteine SH-
groups of the heme-binding region might become exposed at the inner side
of the outer membrane where they would be accessible to the converting
enzyme. Attachment of protohemin by cytochrome c heme lyase would force
the polypeptide to refold around the heme group. This refolding is a
spontaneous process (13, 14). It may pull the polypeptide chain of cyto-
chrome ¢ completely across the outer membrane. Tt is known that refolding
of a polypeptide around the heme group proceeds with a half-time of consi-
derable 1length (14, 15). Refolding of the polypeptide chain after heme
attachment and concomitant completion of its transfer across the outer

membrane may therefore be the rate limiting step in the assembly process.
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