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The 'Hinge' protein of cytochrome c reductase from potato lacks the acidic 
domain and has no cleavable presequence 
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Abstract 
The 'Hinge' protein of cytochrome c reductase from fungi and mammals is thought to support electron transport from cytochrome cl to eytochrome 

c and was reported to be one of the most acidic proteins known. Isolation and analysis of eDNA clones of the first 'Hinge' protein from a plant 
source reveals that it has a surplus of basic residues in potato. While the overall identity between the deduced amino acid sequence of the potato 
'Hinge' protein and the proteins from yeast and bovine is in the range of 40%, the characteristic acidic domain is lacking. Therefore the numerous 
theories on the function of the mitochondrial 'Hinge' protein seem not to apply for the protein from potato. Also the atypical acidic presequence 
of the 'Hinge' protein from fungi and mammals is absent as revealed by N-terminal sequencing of the isolated potato 'Hinge' protein. Functional 
implications of these results for the 'Hinge' proteins from other organisms are discussed. 
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1. Introduction 

The mitochondrial cytochrome c reductase (EC 
1.10.2.2.) contains 4--6 small subunits which are absent 
in the corresponding bCl complexes from prokaryotes 
(for reviews see [1,2]). One of them is the subunit VI (14.5 
kDa) from yeast which is similar to subunit VIII (9.2 
kDa) from bovine. This protein presumedly supports 
electron transfer from cytochrome cl to cytochrome c 
and was therefore proposed to be called the 'Hinge' pro- 
tein [3,4]. The sequence of the 'Hinge' subunit is known 
for bovine [3], human [5] and yeast [6] and much interest 
has been focussed on this protein because it exhibits 
unique features in these organisms: (1) the 'Hinge' pro- 
tein has an exceptionally high content of acidic amino 
acids (yeast, 45%; human, 33%; and bovine, 31%) culmi- 
nating in a conserved domain with 8-25 consecutive glu- 
tamic or aspartic acid residues; (2) the 'Hinge' protein, 
which is nuclear-encoded and post-translationally trans- 
ported into mitochondria is the only example having a 
highly acidic presequence that is cleaved off upon import 
into the organelle, while all other known mitochondrial 
presequences are strongly basic. 

Although different biochemical and genetic ap- 
proaches were applied to analyse the 'Hinge' protein its 
exact function is still unclear. Upon cleavage of cyto- 
chrome c reductase the 'Hinge' protein from bovine is 
part of a 'cytochrome crsubcomplex' together with cyto- 
chrome c~ and a 7.2 kDa subunit [3,7,8]. The purified 
'Hinge' protein from bovine was shown to be essential 
for complex formation between the isolated cytochromes 
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c and cl [4,9,10] and to increase electron transfer between 
these two proteins at low ionic strength [11]. It can be 
crosslinked with both cytochromes and also with the 7.2 
kDa subunit which was mentioned above [12,13]. Yeast 
cytochrome c reductase is still active after deletion of the 
gene encoding the 'Hinge' protein [14-18] but the activity 
of cytochrome c reductase decreases. There is some con- 
troversy about the dimension and the physiological sig- 
nificance of this decrease. Schopping and coworkers 
[14,16] observed a reduced bCl activity only at conditions 
of high ionic strengh whereas Schmitt and Trumpower 
[17] reported a 50% drop in activity at physiological 
conditions. Recently a deletion mutant for the yeast 
'Hinge' protein was shown to cause temperature-sensi- 
tive petite growth [19]. The mutant is unable to generate 
mature cytochrome c1 at non-permissive temperatures. 
Taken together there is a consensus that the 'Hinge' 
protein supports physical and physiological interaction 
between cytochrome c and cytochrome cl under certain 
conditions, but the reaction mechanism, the role of the 
acidic domain and the import pathway of the 'Hinge' 
protein are not understood. Here we report on the first 
molecular characterization of the 'Hinge' protein from 
a plant. The protein exhibits striking differences in com- 
parison to the 'Hinge' proteins from other organisms. 

2. Materials and methods 

Copy-DNA clones for the potato 'Hinge' protein were isolated using 
a Agtl I-library of potato tuber (Solanum tuberosum, var. 'Desirte') and 
a mixture of degenerative oligonucleotides which were derived from an 
internal amino acid sequence of the 'Hinge' protein (subunit 8) of 
cytochrome c reductase [20]. The mixture contained the full comple- 
ment of sequences that could potentially encode the nonapeptide 
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Thr-Gly-Gin-Tyr-Phe-Asp-Tyr-Trp-His (384 combinations). End-la- 
belling of the oligonucleotides was performed with T4 polynucleotide 
kinase by the use of [7-32p]dATP. Screening of the library, DNA cloning 
and DNA sequencing was carried out according to standard procedures 
[21]. Sequences were analysed on a VAX computer using the GCG- 
software package [22]. 

Cytochrome c reductase from potato was purified by affinity chrom- 
atography, ultrafiltration and gelfiltration as described previously [23]. 
The subunits of the isolated enzyme complex were separated by SDS- 
PAGE using the glycine or tdcine buffer system [24,25] and either 
stained with Coomassie blue or blotted onto PVDF membranes. Trans- 
ferred proteins were visualized with Poncean-S and the 'Hinge' protein 
was cut out from the membranes for direct N-terminal amino acid 
sequence determination (outlined in [20]). For the production of anti- 
bodies against the potato 'Hinge' protein about 150 gg of the subunit 
were detached from the PVDF membranes by 80% formic acid, lyophil- 
ized and used for the immunization of one rabbit. The generated serum 
was testet against purified cytochrome c reductase from potato by 
immunoblotting as described before [26]. 

3. Results and discussion 

Screening of  the Agtll-library of  potato tuber with a 
mixture of  degenerative oligonucleotides led to the isola- 
tion of  three cDNA clones for the potato 'Hinge' protein 
termed pCR 12-1 - pCR 12-3. The inserts of  0.5 kbp were 
analysed and revealed identical sequences (Fig. 1). They 
include an open reading frame (off) of  207 bp which 
encodes a protein of  69 amino acids. The of f  seems to 
code for the entire protein as there is an in-frame stop 
codon upstream of  the start codon. The 3" non-coding 
region comprises 201 bp, is followed by a polyA tail and 
includes a polyadenylation signal (AATAAA) 34 nucleo- 
tides upstream from the polyA tail. Comparison between 
the deduced amino acid sequence and the 'Hinge' pro- 
teins from other organisms reveals striking similarities. 
Based on the alignment in Fig. 2 the potato 'Hinge' 
protein shows 43% sequence identity with the corre- 
sponding protein from human and 35% with the protein 
from yeast (the identity between the sequences from 

CTAGAACAGTCAGGTGATTTTGCAGAATCGAAGTCTTCGTTTCCAATATCTCTTTGCC 58 

M S D E E V V D P K A T L E V 15 
ATG TCG GAC GAG GAA GTT GTT GAC CCA AAG GCA ACA CTG GAA GTA 103 

S C K P K C V R Q L K E Y Q A 30 
AGT TGC AAA CCT AAG TGT GTA AGG CAA CTA AAG GAG TAT CAG GCA 148 

C T K R V E G D E S G H K H C 45 
TGT ACT AAA AGG GTA GAA GGT GAT GAA TCA GGG CAC AAA CAT TGC 193 

T G Q Y F D Y W H C I D K C V 60 
ACT GGA CAG TAT TTT GAT TAT TGG CAC TGC ATT GAC AAA TGT GTT 238 

A A K L F D H L K * 69 
GCT GCG AAG TTA TTT GAC CAC CTC AAG TAA CAAGGATATAAGTTGTTGA 287 

TCCCTT GCAATT TATCTG TTTTTTTGTTGTTGAACAAGTCATTACCATATTATTC CTCA 346 

CTGTGCTGCTGACTTGCAACCCTTTCAATCAACTTGGTTGCTGCATGGAAAATTTTGAA 405 

CTATGCACATCTTA/~TGATTAATA~TTATACTCGTGGGTTAAATTTTTTGAAC 464 

C C T T T A ~  498 

Fig. 1. Nucleotide sequence and deduced amino acid sequence of the 
insert of clone pCR12-2. The putative polyadenylation site is under- 
lined. 
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Fig. 2. Ali~,nment of the potato 'Hinge' protein and the 'Hinge' proteins 
from human [5] and yeast [6,31]. Identical residues are boxed and 
dashes are introduced to maximize sequence similarity. The arrow 
indicates the cleavage site within the 'Hinge' precursor proteins from 
yeast and human (in potato only the N-terminal methionine is re- 
moved). The sequence from bovine [3] is not included in the alignment 
as it shows 94% identity to the sequence from human. 

human and yeast is 41%). The conservation of  'Hinge' 
proteins from very distantly related organisms is thereby 
in the same range as the conservation between the respi- 
ratory subunits and significantly higher than the one 
between other 'small' proteins of  cytochrome c reductase 
from the same organisms [26-29]. The potato 'Hinge' 
protein has also some homology with a 19 kDa cysteine- 
rich subunit of  the mitochondrial NADH-dehydroge-  
nase from bovine ([30]; 27% identity in a strech of  50 
amino acids, including four conserved cysteins) but  does 
not show significant similarity with the calcium-binding 
site of  calmodulin as previously reported for the 'Hinge' 
protein from yeast [31]. Since homology to calmodulin 
was also not  verified with the sequence of  the bovine 
'Hinge' protein [1] its potential relevance most likely re- 
mains restricted to the 'Hinge' protein from yeast. 

The potato 'Hinge' protein has 40% charged residues 
(yeast: 60%, human: 51%). Most notable is the virtually 
complete absence of  the characteristic acidic domain 
comprising 25 consecutive acidic amino acids in yeast 
and 9 in human. Consequently the overall amino acid 
composition of  the potato 'Hinge' protein is very differ- 
ent from the one of  other organisms as it has more basic 
than acidic residues (potato: +3; human: -12; yeast: 
-37).  As a result the isoelectric point of  the 'Hinge' 
protein from potato is dramatically changed (yeast: 3.8, 
human: 4.2, potato: 6.9). Another  short stretch that is 
absent in the 'Hinge' protein from potato contains four 
successive glutamine residues and seems to be unique to 
yeast (Fig. 2). The secondary structure of  the potato 
'Hinge' protein is predicted to be mainly 0~-helical and 
the protein does not  contain an area of  uncharged/hy- 
drophobic amino acids that is large enough to span a 
biological membrane. Therefore it is most likely an- 
chored in the cytochrome c reductase by interaction with 
other subunits of  the complex. The 'Hinge' protein from 
potato contains six cysteines whereas the three other 
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Fig. 3. SDS-PAGE of isolated cytoehrome c reductase from potato in 
the presence or absence of fl-mercaptoethanol (+flM/-flM). The gel 
was stained with Coomassie blue. Only the four low molecular weight 
subtmits of the protein complex are shown (the size of a 14 kDa stand- 
ard protein is indicated on the left). The 'Hinge' protein (second largest 
band) exhibits a sitmificant shift if electrophoresed under the two differ- 
ent conditions. 

small subunits of cytochrome c reductase from potato 
lack this amino acid (Braun and Schmitz, unpublished). 
The presence of fl-mercaptoethanol during SDS-PAGE 
of isolated cytochrome c reductase specifically increase 
the electrophoretic mobility of the 'Hinge' subunit (Fig. 
3) indicating the occurence of disulfide bridges in the 
mature protein. Five of the six cysteines of the potato 
'Hinge' protein are conserved in bovine, four of which 
were previously shown to form two disulfide bridges [32]. 
The corresponding bridges would link Cys-17 with Cys- 
59 of the potato sequence and Cys-31 with Cys-45. The- 
oretically a third disulfide bridge could be formed in the 
protein from potato (between Cys-21 and Cys-55; both 
residues have a distance of four amino acids to the bridge 
forming cysteines at positions 17 and 59). Interestingly 
the number of cysteine residues of the 'Hinge' protein 
from different organisms (potato, 6; bovine and human, 
5; yeast, 2) is inversely proportional to the excess of 
acidic residues raising the possibility that a tighter fold- 
ing of the protein by disulfide bridges might lead to an 
efficient exposure of a reduced number of acidic amino 
acids. 

The calculated molecular weight of the potato 'Hinge' 
protein as deduced from the open reading frame of the 
corresponding clones is 7971 Da. If analysed by SDS- 
PAGE in 'Hinge' protein of cytochrome c reductase from 
potato (subunit 8) was reported to have a molecular 
weight of 9-12 kDa [23,33]. However, the apparent sizes 
of the 'Hinge' proteins from yeast and bovine were over- 
estimated [3,6]. Reinvestigation of the apparent molecu- 
lar size of the potato 'Hinge' protein with the SDS- 
PAGE system outlined by Sch/igger and von Jagow [25], 
which is especially suitable for the separation and size 
determination of small proteins revealed a molecular 
weight of only 8 kDa (Jgnsch and Braun, unpublished). 
Consequently the calculated and the apparent molecular 
size of the 'Hinge' protein from potato is identical and 
the protein seems to lack a mitochondrial targeting se- 
quence. To prove this hypothesis the 'Hinge' subunit of 
cytochrome c reductase from potato ws subjected to di- 

rect protein sequencing by cyclic Edman degradation. 
The obtained sequence was SDEEVVDPKATLEV- 
SXKP (Fig. 4). In contrast to the 'Hinge' proteins from 
fungi and mammals, which have an acidic presequence 
[5,6] that is removed upon import into the mitochon- 
drion [34], only the initiator methionine is absent from 
the mature potato 'Hinge' protein. 

There is an increasing number of nuclear encoded mi- 
tochondrial proteins which are known to be imported 
without a cleavable presequence, including some of the 
other low molecular weight subunits from cytochrome c 
reductase [1]. For several mitochondrial proteins a prese- 
quence is obviously dispensable as the absence of cleava- 
ble targeting information is a well conserved feature of 
these proteins in the organisms analysed. Only in very 
few cases the position of the targeting information varies 
in homologous proteins from different organisms. Ex- 
amples are the ADP/ATP translocator, which has a pre- 
sequence only in plants [35,36] and cytochrome c~, that 
lacks a presequence in trypanosomes [37]. Also the 
'Hinge' protein belongs to these rare exceptions. 

There has been much speculation on the acidic prese- 
quence of the 'Hinge' protein from yeast and mammals 
and on the question whether it encodes targeting infor- 
mation or rather represents a structural determinant 
which is post-translationally removed in order to lock 
the protein into its native conformation [31]. Typical 
sequences for mitochondrial targeting show a prepon- 
derance of basic and hydroxylated amino acids and an 
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Fig. 4. Speotieity of an antisenma which was generated against the 
potato 'Hinge' protein. Purified cytoehrome c reductase was stained 
with Coomassie blue (left) or blotted onto nitrocellulose and incubated 
with the antibody directed against the 'Hinge' abunit (right). The 
numbers on the left indicate the size of standard proteins (in kDa). The 
N-terminal sequence of the mature protein was determined by cyclic 
Edman degradation and is given on the right of the blot. (As reported 
for other organisms the 'Hinge' protein has poor colour values after 
staining with Coomassie [4]). 
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amphiphilic s-helical secodary structure [38]. As neither 
the presequence nor internal stretches of  the 'Hinge' pro- 
teins from yeast and mammals have these characteristic 
feature an unique import pathway including a specific 
import receptor was postulated [5,31]. The absence of  a 
presequence of  the 'Hinge' protein from potato can be 
interpreted either as an argument for thus far unidenti- 
fied internal targeting information of 'Hinge' proteins in 
general or as an unique adaptation for the import of  a 
'Hinge' protein that lacks the acidic domain. Antibodies 
which specifically recognize the 'Hinge' protein from po- 
tato have been generated (Fig. 4) to analyse its import 
into isolated mitochondria and to perform topological 
studies. 

So far most theories on the topology and function of 
the 'Hinge' protein concentrate on the presence of the 
stretch of acidic amino acids in the proteins from fungi 
and mammals. According to a wide-spread hypothesis 
this domain is responsible for the binding of  cytochrome 
c [4,6]. Cytochrome c contains clusters of basic amino 
acids [39] and has an isoelectric point above 10. How- 
ever, although the occurrence of  a physical interaction 
between the 'Hinge' protein and cytochrome c was 
proven in biochemical and genetic experiments [4,11,18], 
an ionic attraction between these two components is up 
to now only hypothetical and most probably not valid 
for potato. Interestingly cytochrome c from potato has 
a reduced number of  basic amino acids if compared to 
cytochrome c from mammals and fungi (potato, 17; yeast 
and bovine, 23 basic residues; [40-42]). On the other 
hand potato cytochrome c reductase efficiently binds 
cytochrome c from mammals as it can be purified by 
affinity chromatography with immobilized horse cyto- 
chrome c [23] and as it has high turnover numbers with 
horse cytochrome c as a substrate (170 s -1, [33]). It is 
therefore possible that the acidic domain of the 'Hinge' 
protein from fungi and mammals is not a prerequisite for 
the binding of  cytochrome c. The cytochrome c~ subunit 
of cytochrome c reductase itself has two acidic domains 
which are conserved in all organisms analysed so far and 
which were shown to be involved in the binding of  cyto- 
chrome c [12,43]. Alternative ideas on the mechanism of 
interaction between the 'Hinge' protein and the cyto- 
chromes c and cl should be taken under consideration. 

The absence of  the surplus of acidic residues in the 
potato 'Hinge' protein also sheds new light on other 
theories concerning the functional role of  this subunit. It 
was proposed that the clustering of acidic amino acids 
is likely to change the pKs of individual residues, causing 
a gradient within the acidic area which might function 
as a 'proton sink' [6]. Another hypothesis on the 'Hinge' 
protein predicts a pH-dependent change in the secondary 
structure of  the cluster of  acidic amino acids which could 
regulate the activity of  the 'Hinge' protein [6,17]. Physio- 
logical studies with the potato 'Hinge' protein may allow 
a critical reexamination of these theories. 
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