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Several mitochondrial genes from a large number of different fungi, mammals and plants have been sequenced but little is known about the 
corresponding translation products. We have affinity purified cytochrome c reductase from potato mitochondria and isolated the mitochondrially 
encoded cytochrome b protein. Amino-terminal sequencing reveals that the polypeptide does not start with a methionine. Comparison of the amino 
acid sequence with the recently published sequence of the gene encoding the cytochrome b apoprotein suggests that the N-formylmethionine is 

removed. This result provides the first evidence for the presence of a deformylase and a methionine aminopeptidase in mitochondria. 

Mitochondria; Cytochrome c reductase; Cytochrome b; Methionine amino~ptidase; Solanum tuberas~ 

1. INTRODUCTION 

To assume their proper function many proteins are 
modified during or after translation. One of the mecha- 
nisms of protein modification is the removal of the 
amino-terminal methionine [l]. It is catalysed by 
methionine aminopeptidases which have been charac- 
terized in E. co& [2], ~ffl~onel~a [3,4] and yeast [5-71. 
Methionine specific aminopeptidases share similar sub- 
strate specificity in pro- and eukaryotes [8,9]. In prokar- 
yotes an additional deformylase is required which 
makes the N-terminal methionine accessible to the 
cleavage reaction. 

In contrast to prokaryotes, deformylase and 
methionine amino-peptidase seem to be absent in mito- 
chondria [l&i 11. Boissel et al. [S] analysed 1764 pub- 
lished NH,-terminal sequences of eukaryotic proteins 
and found, that all proteins which are synthesized in 
mitochondria, have a N-terminal methionine residue. 
The only exceptions are the subunits 1 and 2 of cyto- 
chrome c oxidase (cox 1 and 2) and the subunit 6 of the 
ATPase from fungi, which carry N-terminal targeting 
sequences that are cleaved off by a processing protease 
upon assembly. Meanwhile the NH,-terminal sequences 
of probably all mitochondrial encoded proteins from 
fungi are known and there are no examples of removal 
of the initiator methionine. 

There is also experimental evidence that strongly ar- 
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gues against the presence of deformylase and methion- 
ine aminopeptidase in yeast mitochondria. In organello- 
translation in the presence of [‘“Cl- and [3H]formate led 
to chloramphenicol sensitive labelling of mitochondrial 
encoded proteins. The formyl-group is retained on the 
nascent chains attached to the intramitochondrial ribo- 
somes as well as on complete polypeptides in the mito- 
chondrial membranes ]10,12]. Under the same condi- 
tions defo~ylation is readily demonstrable in K. cofj. 

Here we report on the purification and N-terminal 
sequencing of potato cytochrome b, the only mitochon- 
drial encoded subunit of cytochrome c reductase. Our 
data suggest that - in contrast to fungal and mammal- 
ian mitochondria - methionine cleavage does occur in 
plant mitochondria. 

2. MATERIALS AND METHODS 

Mitochondria from potato tubers were prepared as described previ- 
ously 1131. Preparation and solubilization of mitochondrial mem- 
branes was performed according to Lmke and Weiss [14] and mem- 
brane proteins were solubilized with 3.3% Tnton X-100. The purifica- 
non of cytochrome c reductase is outlined in [I 51 and is based on the 
protocol initially introduced by Weiss and Juchs [16]. Purified cyto- 
chrome E reductase was fractionated in 14% SDSlpolyacrylamide gels 
[17] and erther stained with Coomassie blue R250 or blotted onto 
PVDF membranes. The blotting buffer contained 20 mM Tns-HCI 
(pH &Q/20% methano1/0.05% SDSIO.5 mM DTT and the transfer of 
proteins was performed for 15 h at 500 mA (BioRad trans.-blot cell) 
to ensure complete transfer of hydrophobic proteins. Polyclonal rabbrt 
antibodies against cytochrome b from yeast were a kind gift of Prof. 
Schatz, Basel. Immunopositive bands were visualized with biotinyl- 
ated anti-rabbit antibodies, avidin and biotinylated horseradish perox- 
idase as recommended by the supplier (Vektor Laboratories). For 
protein sequencing cytochrome b was localized immunologically on a 
narrow strip of the blot and the corresponding area containing about 
200 pmol of the polypeptide was cut out and further analysed m an 
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Applied Biosystems pulsed-liquid phase sequencer as described else- 
where 1181. Phenylhydantoin amino acids were separated on-line in an 
Applied Biosystems model 120 A analyzer and identified by manual 
interpretation of the data. 

3. RESULTS 

phobic proteins. Antibodies directed against cyto- 
chrome b from yeast specifically recognize subunit IV 
of potato cytochrome c reductase [I 51. The cytochrome 
b subunit was also identified spectrophotometrically; it 
has alpha-band maxima at 557 and 562 mn, which are 
unstable at room temperature due to the noncovalent 
attachment of the heme group to the protein. 

3. I. Purification of cytochrome b from potato mitochon- 
dria 

To isolate the cytochrome b protein from potato mi- 
3.2. Determination of the N-terminal amino acid se- 

quence of cytochrome b from potato 
tochondria cytochrome c reductase was purified by af- For further analysis cytochrome b was blotted onto 
finity chromatography using a cytochrome c column a PVDF membrane. As under standard blotting condi- 
[15]. In potato and other plants (Braun and Schmitz, tions most of this hydrophobic protein remained in the 
unpublished results) this protein complex consists of ten gel, different blotting conditions were tested. Elevated 
subunits while the fungal complex comprises nine sub- levels of SDS (0.05%) in the blotting buffer and high 
units [19]. Subunit IV of the complex has a slightly current proved to be essential for effective recovery of 
variable position on SDS-PAGE depending on the the protein from the gel (see Materials and Methods). 
acrylamide percentage of the gel (14%: 35 kDa; 10%: 32 While all other subunits of cytochrome c reductase are 
kDa) and the Coomassie stained band has a rather dif- stainable with Ponceau S or Amido black after transfer 
fuse shape. These characteristics are typical for hydro- to PVDF membranes, cytochrome b does not bind these 
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Fig. 1. Determination of the amino acid sequence of cytochrome b from potato. HPLC elution profiles of the phenylthiohydantoin amino acid 
derivates of the first seven degradation cycles are shown. Horizontal axes: time (O-30 min); vertical axes: absorbance. The amino acids are identified 
by the one letter code. The peaks labelled with a dot correspond to dimethylphenylthiourea. The glycine signal in cycle 1 is due to the presence 
of this amino acid during SDS/PAGE and appeared in the elution profiles of every subunit of cytochrome c reductase upon N-terminal sequencing. 
Corresponding to the published cDNA sequence for cytochrome b from potato there is a signal for threonine in cycle 1. Also the typical 

phenylthiohydantoin signals for dehydrated threonine (fl) are visible. 
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Cycle: 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

(1) * I * N Q 

(2) *IRNQR**L*KQ*I 

(3) TIRNQRLSLLKQPIS**L** 

(4) MTIRNQRLSLLKQPISSTLN 
ATG ACT ATA AGG me cm CGG CTC TCT CTT CTT m CAA CCT ATA TCC TCC ACA CTT AAT .,. 

Fig. 2. N-Terminal amino acid sequence of cytochrome b from potato. Three independent attempts for sequence determination (l), (2) and (3) were 
made and compared with the amino acid sequence deduced from a corresponding clone (4) [20]. The numbers of cycles of the degradation procedure 

are indicated above. Degradation cycles in which the amino acid could not be determined are marked with an asterisk. 

stains under the conditions applied. Therefore, the filter 
areas which had bound cytochrome b were identified 
immunologically and subjected to Edman degradation 
(Fig. 1). The results from three sequencing experiments 
from different cytochrome b preparations are illustrated 
in Fig. 2. In the first two experiments due to inefficient 
blotting only small amounts of cytochome b could be 
subjected to the degradation procedure. Therefore just 
a few amino acids could be detected but in both cases 
the amino acid released in the second sequencing cycle 
was isoleucine. This residue is encoded by the third 
codon of the cytochrome b gene from potato [20]. In the 
third experiment the first amino acid was identified as 
threonine corresponding to the second codon of the 
gene (see Fig. 1). The initiator methionine is obviously 
cleaved off. 

termination of the N-termini of all nuclear encoded sub- 
units of cytochrome c reductase did not indicate degen- 
eration for any protein (Braun et al., 1992; Braun and 
Schmitz, unpublished results). We therefore conclude 
that the N-terminal methionine of cytochrome b from 
potato is specifically removed within the mitochon- 
drium by an aminopeptidase. 

4. DISCUSSION 

For several reasons it is highly unlikely, that the N- 
terminal methionine is missing due to an artefact, e.g. 
weak exoproteolytic activity during the purification 
procedure: (i) sequencing of cytochrome b from three 
independent preparations indicated in all cases the ab- 
sence of the first amino acid; (ii) no ragged N-termini, 
which could be the result of chemical degradation or 
exoproteolytic activity, were observed; (iii) likewise, de- 

Two classes of mitochondrial encoded proteins occur 
in fungi [l 11: a major class with a formylated methionine 
at the N-terminus and a small class with a transient 
presequence. Proteins belonging to the first class are 
blocked for direct sequence analysis by cyclic degrada- 
tion procedures [21]. A blocked N-terminus was shown 
for cytochrome b from yeast, Neurospora and bovine 
[l 1,22,23]. Chemical removal of the formyl-group of 
cytochrome b from yeast and bovine revealed methion- 
ine as the first residue. Sequences for mitochondrial 
cytochrome b from another 13 organisms were only 
deduced from the corresponding genes [24]. Besides cy- 
tochrome b proteins, a formylated methionine was 
shown to be the N-terminal residue in nearly all other 

Potato 

Maize 

Wheat 

MTIRNQRL SLLKQPISSTLNQHLIDY... 

MTIRNQRF SLLKQPIYSTLNQHLIDY... 

MTIRNQRF SLLKQPIYSTLNQHLIDY... 

Yeast MAFRKSNVYLSLVNSYIIDS... 

Neurospora MRLLKSHPLLKLVNSYLIDA... 

Chlamydomonas MRMHNKIQLLSVLNTHLVAY... 

Aspergillus MRILKSHPLLKIVNSYIIDS... 

Drosophila MHKPLRNSHPLFKIANNALVDL... 

Bovine MTNIRKSHPLMKIVNNAFIDL... 

Fig. 3. Comparison of the N-terminal amino acid sequences deduced from clones coding for cytochrom b from potato [20], maze [41], wheat [42] 
yeast [43] Neurospora [44] Chlumydomonas [45] Aspergillus [46] Drosophila [47] and bovine [48]. The second amino acid, which mainly determines 

methionine aminopeptidase accessibility, 1s written in bold letters. 
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mitochondrial encoded proteins from yeast, including 
cox 1 [I I], cox 3 [I I], the subunits 8 and 9 of ATPase 
[25,26] and the ribosomal var 1 protein [II]. The ND 
subunits, which are not present in the yeast mitochon- 
drial genome, proved to start with formylated methion- 
ine in Neurospora [27]. Also for cox I, 2,3, the subunits 
6 and 8 of ATPase and subunit 1 of NADH dehydroge- 
nase from bovine N-terminal formyl-methionine was 
shown [28-311. Two mitochondrial encoded proteins 
from Neurospora (cox 1 [32] and cox 2 [33]) and two 
from yeast (cox 2 [34] and subunit 6 of ATPase [35]) 
were shown to belong to the second class. There is only 
limited information on N-terminal amino acids of mito- 
chondrial encoded proteins from plants. Subunit 9 and 
the alpha-subunit of the ATPase start with methionine 
[36,37] and seem to belong to the first class while cox 
2 and subunit 6 of the ATPase like their fungal counter- 
parts are likely to be processed and belong to the second 
class [38,39]. Cytochrome b from potato belongs to a 
new class of mitochondrial encoded proteins in which 
only the first methionine is removed. The absence of the 
initiator residue suggests that plant mitochondria con- 
tain a deformylase and a methionine aminopeptidase. 

In prokaryotes and eukaryotes, the ability of 
methionine aminopeptidases to remove the initiator 
methionine mainly depends on the side chain size (the 
radius of gyration should be smaller than 0.143 nm) of 
the second amino acid [9]. Cleavage occurs before Gly, 
Ala, Pro, Ser, Thr, Val and Cys, but never before His, 
Gln, Glu, Phe, Met, Lys, Tyr, Trp and Arg. The third 
residue of the polypeptide may influence these pepti- 
dases as well [2,40]. In Fig. 3, N-terminal regions of 
cytochrome b from 9 different organisms are compared. 
In five organisms, the second amino acid would allow 
methionine removal according to the rules outlined 
above (potato, maize, wheat, yeast and bovine). How- 
ever it does not occur in yeast or bovine as revealed by 
direct protein sequencing. The only plant mitochondrial 
proteins which are sequenced so far and belong to the 
first class (the alpha-subunit and subunit 9 of ATPase) 
have Arg at position two of translation which is sup- 
posed to prevent removal of the initiator residue. 

Different suggestions have been made concerning the 
functional significance of methionine cleavage. As the 
lifetime of a protein depends on the size of its amino- 
terminal residue [49], removal of methionine clearly in- 
fluences protein stability. On the other hand, the rather 
reactive amino-terminal methionine may also have an 
impact on the behaviour of a polypeptide during inter- 
action with other polypeptides (e.g. assembly into pro- 
tein complexes). Finally, methionine cleavage may ‘be 
important for the recycling of the methionine pool as 
suggested by Hire1 et al. [40]. 

The plant mitochondrial genome is more than ten 
times larger than the mammalian one and codes for at 
least twice as many proteins [50]. Possibly this extraor- 
dinary complexity also requires the enzyme machinery 

for posttranslational modifications, like methionine re- 
moval. It will be interesting to see, whether other plant 
mitochondrial proteins with suitable amino acids at the 
second position undergo methionine removal and to 
characterize the enzyme(s) responsible. 
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