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We have determined the DNA sequence of the nuclear gene
coding for the 17-kd subunit VI of the ubiquinol-cytochrome
¢ reductase. The reading frame found encodes a putative
polypeptide of 17 394 daltons. This protein is highly unusual:
38% of its residues are acidic and 14% are basic amino acids.
The most notable feature in the protein sequence is a stretch
of 25 consecutive acidic amino acids. The polypeptide has
homology with the 9-kd so-called ‘hinge’ protein of beef-
heart complex III, which also has a cluster of acidic residues.
Acidic amino acids are likely to be essential for the function
of these proteins, since their degree of conservation is higher
than that of other residues.
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Introduction

The ubiquinol-cytochrome c¢ reductase (complex III or cyto-
chrome bc; complex) is part of the mitochondrial respiratory
chain and is located in the mitochondrial inner membrane. It
contains three polypeptides with known prosthetic groups:
the cytochromes ¢, and b and an iron-sulphur protein. In ad-
dition, the complex contains a number of other subunits,
whose exact number (between four and seven) is subject to
debate, since their function is unknown. Of the eight putative
subunits of the yeast complex, seven are usually found in
fixed stoichiometric amounts. The eighth, a 17-kd protein,
has been reported to be present in variable and substoichio-
metric amounts or even to be entirely lacking (Katan and
Groot, 1976; Reed and Hess, 1977; Kreike, 1982), thus raising
doubts as to whether it belongs to the complex. The 17-kd
polypeptide is characterized by a high polarity (66.9%). It has
a pl of 4.7 and is extremely rich in asparagine/aspartic acid
(17.8%) and glutamine/glutamic acid (28.6%) (Katan and
Groot, 1976). A 9-kd subunit of the beef complex — the so-
called ‘hinge’ protein — has similar characteristics (Waka-
bayashi et al., 1982), suggesting that it might be (partially)
homologous to the 17-kd subunit. The ‘hinge’ protein is
thought to mediate interaction between the cytochromes ¢,
and ¢ (King, 1983) and is found firmly associated in a 1:1
ratio with cytochrome c, in subcomplexes obtained from the
purified beef enzyme (Kim and King, 1981; Schégger et al.,
1983).

To analyse the 17-kd subunit VI of the yeast complex in
more detail, the DNA sequence of its gene has been deter-
mined. The encoded polypeptide indeed has homology with

© IRL Press Limited, Oxford, England.

the beef-heart 9-kd protein and is, therefore, identified as a
true subunit of the yeast complex. Its predicted properties are
discussed with respect to function, complex assembly and
topology.

Results
Precise localization of the gene coding for the 17-kd protein

We have demonstrated previously (Van Loon ef al., 1982)
that plasmid 209 contains the cloned yeast nuclear gene for
the 17-kd subunit of complex III. Figure 1 shows a restriction
map of this plasmid. The position of the gene on the insert
has been determined (Van Loon et al., 1982). The region
around the gene was characterized further by the construction
of a detailed restriction map using the 660-bp Rsal fragment
as labelled probe on Southern blots. This fragment is capable
of hybrid selection of the 17-kd mRNA (not shown); the
resulting map is also shown in Figure 1.

Transcript mapping

Mapping of the mRNA for the 17-kd protein was carried out
by S1 nuclease analysis, using the 720-bp Sau3A and 660-bp
Rsal fragments (see Figure 1). Since levels of translatable
mRNAs coding for subunits of complex III have been esti-
mated to be only 0.01 —0.03% of total mRNA, even in de-
repressed conditions (Van Loon et al., 1982), we have used
uniformly-labelled restriction fragments for the analysis. As
shown in Figure 2, the lengths of the fragments, protected by
RNA from cells grown on lactate, were ~360-bp and 550-bp
for the 720-bp Sau3A and 660-bp Rsal fragments, respect-
ively. Digestion of the labelled Rsal fragment with BspRI
prior to hybridization to the mRNA, resulted in a protected
fragment of 300 nucleotides derived from the 410-bp BspRI-
Rsal fragment, while the 210-bp BspRI fragment was com-
pletely protected. A second 39-bp Rsal-BspRI fragment is too
short to be detected on the gel used. The positions of the
BspRI sites were deduced from the DNA sequences (Figure
4). The results are summarized in Figure 2. They locate the
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Fig. 1. Restriction map of plasmid 209 encoding the gene for the 17-kd
protein. The vector (thin line) is pFL1, which consists of pBR322, a 1.1-kb
Hindll1 fragment that carries the yeast URA3 gene and a 2.1-kb fragment
of the yeast 2-um circle (Chevallier ez al., 1980). The insert is indicated by
a thick line. A detailed map of the region around the gene for the 17-kd
protein was constructed by hybridization of Southern blots with the 660-bp
Rsal fragment. The position of the gene on the insert is deduced on basis
of data presented in Van Loon et al. (1982).
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Fig. 2. Transcript mapping. The length of the mRNA that encodes the
17-kd protein was determined. Total glyoxylated yeast RNA was size-
fractionated on an agarose gel, blotted to nitrocellulose filters and
hybridized with the 3P-labelled Sa/l-HindllI fragment that contains the
entire cloned sequence (lane 1) or the 660-bp Rsal fragment in M13 mp7
(lane 2) (see Figure 1). S1 nuclease analysis was performed by use of
uniformly-labelled DNA fragments. Total RNA from lactate-grown cells
was used. The lengths of the fragments protected from S1 nuclease
digestion were calculated by comparison with pBR322 digested with Hinfl
and 5'-labelled with [y**P]ATP and polynucleotide kinase. The fragments
used are: lanes 3—5, 720-bp Sau3A; lanes 6 —8, 660-bp Rsal. The Rsal
fragment in lane 8 was digested with BspRI prior to hybridization. The
RNAs used are: lanes 3 and 6, Escherichia coli tRNA; 4, 7 and 8, total
yeast RNA; 5, total yeast RNA treated with ribonuclease prior to
hybridization. The results of the S1 nuclease analysis are summarized in the
map. The sizes of the protected fragments are indicated in brackets.

transcript roughly between positions — 130 to — 120 and 570
to 580 of the DNA sequence (see Figure 4). The size of the
protected region (700 bp) is consistent with a total length of
780 nucleotides as determined for the transcript on RNA
blots (Figure 2, lane 2), if one assumes that this mRNA —
like other mRNAs in yeast — has a poly(A) tail of 50— 100
nucleotides. The major body of the mRNA coding sequence
is thus continuous, although splice points close to an end
cannot be excluded.

DNA sequence analysis and predicted primary structure of
the 17-kd protein

The DNA sequence of fragments subcloned in the bacterio-
phage M13 mp7 was determined by use of the dideoxy
method (Sanger ef al., 1980). The sequencing strategy is sum-
marized in Figure 3 and the DNA sequence is presented in
Figure 4. The longest reading frame found is 441 nucleotides
long, it starts at the methionine at sequence position 1 —3 and
is terminated by a single TAG codon at position 442 —444.
The reading frame encodes a putative protein of 147 amino
acids with a calculated mol. wt. of 17 394 daltons. This is
much shorter than expected on the basis of the migration
behaviour of the precursor protein (26 kd) on SDS-poly-
acrylamide gels (see Discussion). The encoded protein is
clearly unusual. It is extremely rich in charged residues
(52%), most of which are acidic (38%). The most striking
feature, however, is a continuous stretch of 25 acidic amino
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Fig. 3. Sequencing strategy. The DNA sequence of the region encoding the
17-kd protein was determined by use of the dideoxy chain termination
method on fragments sub-cloned in the phage M13 mp7. The arrows
indicate the parts of the sequence determined by use of various Sau3A and
Rsal fragments. The length of the mRNA coding region, as determined by
S1 nuclease analysis (see Figure 2) is indicated by a thin line, while the
position of the gene, as deduced from the DNA sequence (see Figure 4), is
indicated by a thick line.

acids (sequence positions 145 —219). The amino acid compo-
sition of the purified, mature 17-kd subunit (Katan and
Groot, 1976) and that predicted for the precursor protein
from the DNA sequence are listed in Table I. Precise com-
parison cannot be made, since the exact terminal residues of
the mature protein are not known. Both amino acid compo-
sitions are highly similar and reveal the same characteristics
(especially the very high content of Asx and GlIx, see Table I).
We conclude, therefore, that the sequence presented is that of
the gene for the 17-kd protein. Other open reading frames are
absent from this area, apart from a frame of 162 nucleotides
that is entirely internal to the gene for the 17-kd protein (se-
quence positions 79 —244). This reading frame does not cor-
respond to an individual transcript and there is no evidence
for expression of the highly positively-charged protein which
it encodes.

Discussion

Homology between the 17-kd protein and the 9-kd ‘hinge’
protein of beef complex IIl

The amino acid sequence deduced from the DNA sequence of
the gene for the 17-kd subunit of the ubiquinol-cytochrome ¢
reductase is unusual. Acidic residues make up 38% of the se-
quence and the uninterrupted stretch of 25 acidic amino acids
is, to our knowledge, the longest found so far in a naturally-
occurring protein. The acidic nature of some of these residues
might be diminished by post-translational modification of the
17-kd subunit. However, direct amino acid sequence analysis
of the analogue of this subunit in the beef complex gives no
evidence for this (see below).

Figure 5 shows that homology is found between the pre-
dicted sequence of the 17-kd protein and that of the 9-kd, so-
called ‘hinge’ protein of beef complex III (Wakabayashi et
al., 1982). A continuous block of acidic residues is found in
both proteins, although its length differs in the two organ-
isms. The beef protein has a block of eight glutamates, while
the yeast 17-kd subunit has a much longer stretch (25 resi-
dues) consisting of both glutamate and aspartate.

Alignment of the amino acid sequences reveals a homology
of 35—40% at the carboxy-terminal side of the block of
acidic amino acids. This alignment requires assumption of six
insertions in the 17-kd polypeptide and four in the 9-kd pro-
tein. Of these, six consist of one or two amino acids.

The beef 9-kd protein is predicted to be entirely water-
soluble by calculation of the gain in free energy for a water to
membrane phase transition, according to Von Heijne (1981)
(data not shown). A similar analysis for the precursor of the
17-kd subunit shows that only a short amino-terminal seg-
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Fig. 4. DNA sequence of the region encoding the 17-kd protein. The transcript maps roughly between sequence positions — 130 and — 120 and 570 — 580 of
the DNA sequence (see Figure 2). Putative consensus sequences (Dobson ef al., 1982) are underlined: the CACACA sequence which is usually found close to
the initiation codon in yeast genes occurs twice. The A at — 3 and purine at +4, which have been proposed to function in binding of the 40S ribosomal unit
(Kozak, 1981) are found, as is also the pyrimidine at + 6; the hexanucleotide AATAAA which might function in transcript termination or poly(A) addition in
higher eukaryotes (Fitzgerald and Shenk, 1981) is present. Transcript termination or polyadenylation sequences, found by Zaret and Sherman (1982) and
Henikoff et al. (1983), are absent. Amino acids are indicated in the one-character amino acid code: A, alanine; D, aspartic acid; E, glutamic acid; F,
phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T,
threonine; V, valine; W, tryptophan; Y, tyrosine.

— — ] 1 10 20 30 40
Table I. Comparison of the amino acid composition of the 17-kd protein (A) 17 kDa protein MDMLELVGEYWEQLKITVVPVVAAAEDDDNEQHEEKAAEGEEK
with that predicted from the DNA sequence (B) "hinge" protein
Amino acid A B 50 60 70

(mol %)* (mol %) 17 kDa protein EEENGDEDEDEDEDEDDDDDDDEDEEEEEE-VID---------

"hinge" protein [7) G EEEEEEEELV-DPLTTVREQC
Asx 17.8 18.3 1 10 20
Thr 4.0 3.5
Ser 3.4 0.0 80 90 100 110
Glx 28.60 309 17 kDa protein -QLEDL---REHFKNTEEGKALVHHYEECAERVKIQQQQPGYA
Pro 29 21 hinge" protein EQLEKCVKARERL-----=m=m==nn. ELCDERVSSRSQT----
Gly 6.0 3.5 30 40 50
Ala 6% 7.0 120 130 140
Cys n.d. s 17 kDa protein DLEHKEDCVEEF--FHLQHYLDTATAPRLFDKLK
Val 4.4 6.3 "hinge" protein --E--EDCTEELLDF-L-HARDHCVAHKLFNSLK
Met n.d. - - T T 60~ ~ J0_ —
Ile 1.9 1.4
Leu 6.2 7.8 Fig. 5. Comparison between the predicted sequence of the 17-kd protein
Tyr 2.6 2.8 and that of the ‘hinge’ protein of beef complex III. The sequence of the
Phe 33 2.8 ‘hinge’ protein has been determined by Wakabayashi et al. (1982).
Trp n.d. - Sequences are aligned on the basis of the assumption that insertions and/or
Lys 6.6 6.3 deletions (—) have occurred, but that the order of residues has not
211'8 gg ;? changed during evolution. Identical amino acids are underlined.
g . .

Cys, Met and Trp have not been determined (n.d.) and were, therefore,
neglected in the calculation of the mol % of amino acids on the basis of the

DNA sequence.

*Determined after 24 h hydrolysis of the purified protein (Katan and Groot,

1976).

ment of this protein may be membrane-soluble (Figure 6).
This part may well be absent from the mature protein,
however (see below).

We therefore suggest that the 17-kd and 9-kd polypeptides

have similar functions in the yeast and beef complexes, re-

1041



A.P.G.M.Van Loon ef al.

35
30
25

20

FREE ENERGY [kJ/mol ) (mean of 20 amino acids)

ol | IIIIIIIII

III|III e II|I 't 0 l | III POSITIVE

I I [T | NEGATIVE

10 rdulicleleedsebsdoceoss s,

0 10 20 30 40 50 60 70
SEQUENCE

90 100 M0 120 130 140

POSITION

Fig. 6. Predicted distribution of lipophilic segments and charges in the amino acid sequence of the 17-kd protein. The gain in free energy during transition of
20-residue segments from an o-helical structure in water to an a-helix in the membrane is calculated for all sequence positions according to Von Heijne
(1981). The choice of segments of 20 amino acids is based on the number of residues required to span the bilayer. The positions of the basic residues Arg,
Lys and His (positive charge) and of the acidic residues Glu and Asp (negative charge) are indicated by vertical lines.

spectively. The 9-kd protein is found in purified ‘two-band’
cytochrome c¢; (Kim and King, 1981) and is thought to
mediate the interaction between the cytochromes ¢, and ¢
(King, 1983). A protein with a calculated mol. wt. of 18.5-kd,
which might be the 17-kd protein described here, has been
found associated with isolated yeast cytochrome c; (Ross and
Schatz, 1976).

Acidic amino acids are conserved in the 17-kd and 9-kd
proteins

Further comparison of the primary sequences of the 17-kd
and 9-kd proteins (Figure 5), shows that, apart from a non-
interrupted stretch of acidic amino acids, acidic residues are
also preferentially conserved at the expense of neutral amino
acids in the remainder of these proteins. Acidic residues form
36—37% of the conserved amino acids in this area, while
only 22 —23% of the non-conserved residues are glutamic or
aspartic acid. Basic amino acids occur with similar fre-
quencies in both the conserved and non-conserved parts.
Several functions may be proposed for these acidic residues.

(i) They may be responsible for the proposed interaction
between cytochromes ¢ and ¢,. In cytochrome ¢, most basic
residues are clustered within the amino- and carboxy-terminal
parts of the mature protein (Wakabayashi et al., 1980).
Analysis of the primary (Smith ef al., 1979) and of the three-
dimensional structure (Dickerson, 1980) of cytochrome c also
showed clustering of basic amino acids in this protein. In ad-
dition, ‘three band’ cytochrome ¢, — a subcomplex obtained
from purified complex III of beef — contains an additional
basic protein and interaction of this with acidic residues in the
9-kd protein has also been proposed (Schégger et al., 1983).

(ii) Clustering of acidic amino acids is likely to change the
pKs of the individual residues, resulting in a gradient within
the acidic area. This part of the protein might, therefore,
function as a ‘proton sink’.

(iii) A pH-dependent change in secondary structure of the
cluster of acidic amino acids might occur. This area is pre-
dicted to have an a-helical structure according to the rules of
Chou and Fasman (1978). This seems reasonable if the resi-
dues are in non-dissociated form. However, after dissociation
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of the carboxyl groups, a random structure is more likely, due
to the repulsion of the charged amino acids. The activity of
the polypeptide could, therefore, be regulated by varying the
pH in the environment of the protein.

Discrepancy between the lengths determined for the precursor
of the 17-kd protein and that predicted from the DNA
sequence

In yeast, the 17-kd protein is initially synthesized as a longer
precursor which has an apparent mol. wt. of 26-kd, as deter-
mined from its migration on SDS-polyacrylamide gels (Van
Loon et al., 1983). However, the length of the precursor pre-
dicted from the DNA sequence is only 17 394 daltons. The
discrepancy is not due to the presence of intervening se-
quences, since the S1 nuclease mapping of the mRNA ex-
cludes existence of extra exon sequences. We suggest that the
lengths of both the precursor and of the mature protein have
been substantially over-estimated on SDS-polyacrylamide
gels. Similar anomalous behaviour is seen for the 9-kd pro-
tein. Based on its electrophoretic mobility, a mol. wt. of
15-kd has been calculated, while only 9175 daltons is pre-
dicted from the amino acid sequence (Wakabayashi et al.,
1982). The discrepancies in both cases are probably attribu-
table to reduced binding of SDS due to the high content of
acidic residues.

The amino- and carboxy-terminal sequences of the mature
17-kd yeast protein are not known. Attempts to determine the
amino-terminal sequence, using the 17-kd subunit eluted
from SDS-polyacrylamide gels have failed, possibly because
the amino-terminal residue is blocked (G.J.Steffens, personal
communication). It is, therefore, not possible to determine
which part of the predicted protein sequence corresponds to
the precursor extension. Compared with the beef protein, the
yeast protein extends 47 amino acids further at the amino ter-
minus, while the carboxy-termini are very similar (four out of
six residues identical). One possible interpretation of this dif-
ference is that the additional 47 residues in the yeast protein
represent an amino-terminal precursor extension and that the
mature protein is only 100 amino acids long. One prediction
of this interpretation is that the mature protein should not be



radio-labelled by [¥*S]methionine, since the only methionine
residues occur at positions 1 and 3 of the pre-sequence. Label-
ling of both precursor and mature protein by [3*S]methionine
is in fact observed with low efficiency. This might be the
result of leakage of 35S into cysteine residues, as observed in
the case of subunit VI of yeast cytochrome ¢ oxidase. This
latter protein also lacks methionine (Gregor and Tsugita,
1982), but nevertheless is still labelled by [33S]methionine
(G.Schatz, personal communication).

DNA sequence analysis of the genes encoding subunit 9 of
the Neurospora crassa ATPase complex (Viebrock et al.,
1982) and the yeast cytochrome c peroxidase (Kaput et al.,
1982) has shown that the precursor extensions of both pro-
teins contain basic but no acidic residues. It has been pro-
posed that these basic amino acids function in transport of
the protein across the mitochondrial inner membrane. In con-
trast, the amino-terminal part of the precursor of the yeast
17-kd protein contains a high number of acidic residues.
Complete absence of acidic residues from the amino-terminal
part of mitochondrial precursor proteins is thus not a pre-
requisite for import into the organelle.

Materials and methods

Strain and growth conditions

The Saccharomyces cerevisiae strain FL100 was used for DNA sequence
analysis and for isolation of total yeast RNA. Cells were grown on lactate
medium (Ohnishi ef al., 1966).

DNA sequence analysis

Plasmid 209 (see Figure 1) was digested with Sa/l and Hindlll and the frag-
ment that contains the entire cloned sequence was isolated from a low-melting
agarose gel. After digestion with Sau3A, the fragments were ligated into the
BamHI site of the bacteriophage M13 mp7 (Messing et al., 1981). The 660-bp
Rsal fragment, which contains part of the mRNA-coding sequence (see
Results), was purified from agarose gels and ligated into the EcoRI site of the
bacteriophage by use of synthetic EcoRI linkers. Single-stranded DNA was pre-
pared from insert-containing phages (Sanger ef al., 1980) and spotted onto
nitrocellulose filters. These were incubated for 5 min in 0.5 M NaOH, 1.5 M
NaCl, followed by two washes for 3 min each in 0.3 M Tris-HCI (pH 7.7),
3 M NaCl. The filters were air-dried and heated for 2 h at 80°C. They were
then hybridized to a 3P-labelled mRNA fraction enriched for the mRNAs
coding for the 17-, 14- and 11-kd subunits (‘fraction 12’) as described (Van
Loon et al., 1982). The DNA sequence of fragments that hybridize to the
labelled mRNA was determined by use of the dideoxy method (Sanger et al.,
1980) as described (De Haan et al., 1984).

Transcript mapping

Fragments ligated into the bacteriophage M13 mp7 were labelled by synthesis
of the complementary strand in the presence of «-*?P-labelled dNTPs (De
Haan et al., 1984). After incubation for 30 min at 65°C the DNA was di-
gested with EcoRl, size-fractionated on a 5% polyacrylamide gel and the
double-stranded insert fragment eluted into 500 mM ammonium acetate,
1 mM EDTA, 0.1% SDS (pH 8) during 18 h at 37°C. The DNA was alcohol-
precipitated, washed once with 70% ethanol and dissolved in 200 xl 10 mM
Tris-HCI (pH 7.5), 0.5 mM EDTA. SI nuclease digestion was carried out ac-
cording to Berk and Sharp (1977) as described in De Haan ef al. (1984).
1—2 x 10% c.p.m. of the isolated fragment were used.

Miscellaneous

Published procedures were used for: (i) isolation of total yeast RNA (Van
Loon et al., 1982); (ii) electrophoresis of glyoxal-denatured RNA (McMaster
and Carmichael, 1977); (iii) blotting to nitrocellulose filters of RNA (Thomas,
1980) or DNA (Southern, 1975); and (iv) purification of Sau3A (Sussenbach
et al., 1976).

Other restriction enzymes were purchased from Biolabs, the large fragment
of DNA polymerase (Klenow fragment) from Boehringer Mannheim; Sl
nuclease from Sigma and T4 polynucleotide kinase from New England
Nuclear. Enzymes were used as recommended by the manufacturers. Radio-
active materials were obtained from New England Nuclear.
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