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The cleaved presequence is not required for import of subunit 6 of the
cytochrome bc; complex into yeast mitochondria or assembly into the
complex*
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Abstract Subunit 6 of the yeast cytochrome bc; complex
contains a 25 amino acid presequence that is not present in the
mature form of the protein in the bc; complex. The presequence
of subunit 6 is atypical of presequences responsible for targeting
proteins to mitochondria. Whereas mitochondrial targeting
sequences rarely contain acidic residues and typically contain
basic residues that can potentially form an amphiphilic structure,
the presequence of subunit 6 contains only one basic amino acid
and is enriched in acidic amino acids. If the 25 amino acid
presequence is deleted, subunit 6 is imported into mitochondria
and assembled into the cytochrome bhc; complex and the activity
of the bhc; complex is identical to that from a wild-type yeast
strain. However, if the C-terminal 45 amino acids are truncated
from the protein, subunit 6 is not present in the mitochondria and
the activity of the bc; complex is diminished by half, identical to
that of the bc; complex from a yeast strain in which the QCR6
gene is deleted. These results indicate that the presequence of
subunit 6 is not required for targeting to mitochondria or
assembly of the subunit into the bhc; complex and that
information necessary for targeting and import into mitochon-
dria may be present in the C-terminus of the protein.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The cytochrome bc; complex is located in the inner mito-
chondrial membrane and contains 10 or 11 subunits that
range in size from 7.2 to 44 kDa [1]. Subunit 6 of the yeast
bey complex is highly acidic and is located on the intermem-
brane space surface of the complex [2-4]. Like many nuclear
encoded mitochondrial proteins, subunit 6 has an amino-ter-
minal presequence which is absent from the mature subunit in
the be; complex [5]. The presequence of subunit 6 is atypical
of proteins targeted to mitochondria. It contains only one
basic amino acid (lysine) and is enriched in acidic amino
acids. Mitochondrial targeting sequences rarely contain acidic
residues and contain basic residues spaced so that they can
form an amphiphilic structure that is thought to be essential
for the targeting function of the signal sequence [6,7].

We have analyzed the role of the cleavable presequence of
Qcr6p and of the C-terminus of the protein for targeting and
import into the mitochondria. Surprisingly, the presequence
of Qcr6p is not required for targeting to mitochondria or for
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assembly of this protein into the bc; complex. However, the
C-terminus of Qcr6p apparently contains information neces-
sary for the targeting and import of this protein into mito-
chondria.

2. Materials and methods

2.1. Yeast strains and plasmids

Yeast strains and plasmids are listed in Tables 1 and 2, respectively.
The plasmid pGEM-3Zf(+) was purchased from Promega. The ex-
pression vector pRS200 [8] was obtained from ATTC.

2.2. Subcloning of the QCR6 gene

The QCR6 reading frame and its 5 and 3’ untranslated regions
were amplified by a polymerase chain reaction (PCR) with yeast ge-
nomic DNA as template. The presequence deletion (Qcr6-A26p) was
introduced by PCR amplification. The amplicons were subcloned into
pGEM3Zf(+). pMLDO1 harbors the DNA encoding the QCR6 read-
ing frame, amplified by PCR using pMES32 as a template [11].
PMES32 has an insertion of a G at position 295 of the QCR6 reading
frame, resulting in a frameshift that introduces a stop codon at posi-
tion 307. The C-terminal sequence of the encoded truncated protein
(Qcr6-102Ap) is changed to GGVC instead of EECA. The QCR6
promoter was amplified by PCR and the DNA’s encoding the full
length Qcr6p, Qcr6-A26p and Qcr6-102Ap were subcloned in the
CEN-TRP containing expression vector pRS200. All constructs were
verified by sequencing using the Dye Deoxy Terminator Cycle se-
quencing kit from Applied Biosystems.

2.3. Western analysis and enzyme assays of mitochondrial membranes

Mitochondria were isolated as described elsewhere [12]. Qcrop and
cytochrome ¢; were detected by Western blotting using polyclonal
antibodies affinity purified to the GST-Qcr6p [15] and monoclonal
antibodies to the cytochrome ¢; [13]. Antibodies were detected by
chemiluminescence (Amersham). Ubiquinol-cytochrome ¢ oxidoreduc-
tase activities of mitochondrial membranes were assayed as described
previously [14].

2.4. In vitro transcription and translation and import into mitochondria

In vitro transcription using SP6 RNA polymerase and in vitro
translation using rabbit reticulocyte lysate were performed according
to supplier recommendations (Promega). The in vitro translation
products were labelled using [»S]cysteine from Amersham. Import
into mitochondria was performed as described previously [12].

3. Results

3.1. Qcr6p lacking the presequence complements the Qcr6
deletion strain

MMY18, a yeast strain in which QCR6 has been deleted,
exhibits a temperature-sensitive petite phenotype at 37°C [15].
To determine whether truncated forms of Qcr6p are imported
into mitochondria and assembled correctly into the b¢; com-
plex, we first tested whether these would rescue the temper-
ature-sensitive petite phenotype of MMY18. We transformed
the Agcr6 deletion strain with the single copy expression vec-
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Fig. 1. The deduced amino acid sequence of Qcr6p showing the site
at which the presequence is cleaved and the C-terminal truncation
introduced by site-directed mutagenesis. The arrow indicates the site
at which the 25 amino acid presequence is cleaved to form mature
sized Qcr6p. The amino terminus of mature Qcr6p, lacking the
cleaved presequence, was determined by sequencing the protein iso-
lated from the cytochrome bc¢; complex [5]. The amino acid se-
quence of Qcr6p was deduced from the QCR6 genomic locus in
yeast strain W303 and the sequence of the QCR6 locus in the yeast
genome data base and that of Qcr6-102Ap was deduced from the se-
quence of QCR6-102A. Qcr6-A26p is Qcr6p in which the 25 amino
acid presequence has been deleted and replaced by an N-terminal
methionine.

tor pRS200 encoding Qcr6p, Qcr6-A26p and Qcr6-102Ap (Ta-
ble 2). Qcr6-A26p is subunit 6 in which the 25 amino acid
presequence has been deleted and replaced by an N-terminal
methionine. Qcr6-102Ap is subunit 6 in which the presequence
is retained but which lacks the C-terminal 45 amino acids due
to a stop mutation in QCR6. The deduced amino acid sequen-
ces of Qcr6p, Qcr6-A26p and Qcr6-102Ap are shown in Fig. 1.

When the transformants were first grown on medium con-
taining dextrose as a carbon source and then replicated on
ethanol/glycerol medium and incubated at 37°C, the temper-
ature-sensitive petite phenotype of MMY18 was comple-
mented by both the full length Qcr6p and by Qcr6-A26p (re-
sults not shown). These results suggest that the 25 amino acid
presequence is not required for the import of subunit 6 into
mitochondria and assembly of the cytochrome bc¢; complex.
When the Agcr6 deletion strain was transformed with the
plasmid encoding Qcr6-102Ap, in which the C-terminus of
the protein is deleted (MLDO09), the transformants did not
grow on ethanol/glycerol medium at 37°C (results not shown).
The protein in which the C-terminal 45 amino acids have been
truncated is apparently unable to rescue the temperature-sen-
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sitive petite phenotype of the Agcr6 deletion strain, even
though this protein contains the presequence.

3.2. Qcr6p lacking the presequence restores cytochrome c
reductase activity to the qcr6 deletion strain

To confirm that complementation of the temperature-sensi-
tive petite phenotype resulted from restoration of activity to
the cytochrome bc; complex, we isolated mitochondria from
the Agcr6 deletion strain and from the strains containing the
truncated forms of Qcr6p and measured cytochrome ¢ reduc-
tase activities of the mitochondrial membranes. When the
Agcer6 deletion strain (MMY18) is grown at the permissive
temperature, the ubiquinol-cytochrome ¢ reductase activity
of the mitochondrial membranes is reduced to ~50% of
that of the wild-type activity [5]. As can be seen in Fig. 2,
the plasmids encoding Qcr6p (MLDO05) and Qcr6-A26p
(MLDO06) restore the cytochrome ¢ reductase activity of the
mitochondrial membranes from the deletion strain to 100% of
the wild-type activity. In contrast, the ubiquinol-cytochrome ¢
reductase activity of mitochondria from the Agcr6 deletion
strain expressing Qcr6-102Ap (MLDO09) is essentially the
same as the activity of the mitochondria from MMY18.

3.3. Qcr6p lacking the presequence is imported into
mitochondria in vivo

The failure of the plasmid encoding Qcr6-102Ap to rescue
the temperature-sensitive petite phenotype could be due to a
lack of import of the truncated protein into the mitochondria
or a lack of assembly of the protein into the bc; complex. To
confirm that Qcr6-A26p is imported into mitochondria and to
determine whether the Qcr6-102Ap is imported into mitochon-
dria in vivo, we performed a Western blot analysis on the
mitochondrial membranes.

As expected, Qcr6p is absent from the mitochondrial mem-
branes of the Agcr6 deletion strain, MMY 18 (Fig. 2). Mature
sized Qcr6p is detected in membranes from the wild-type
strain, YPH500, and in membranes from the deletion strain
expressing either the full length Qcr6p (MLDO5) or the trun-
cated Qcr6-A26p (MLDO06). Treatment of the mitochondria
with proteinase K confirmed that the mature sized Qcr6p
was present within a protease-protected space.

On close examination of the Western blots of the resolved
mitochondrial membranes, it appears that there is somewhat
less mature sized Qcr6p in the membranes of the yeast strain

Table 1

Yeast strain Genotype Source

YPH 500 Matol, ura 3-52, lys2-801(amber), ade 2-101 (ochre), trplA63, his3A200, leu 2A1 [8]

MMY18 ura 3-52, lys 2-801 (amber), ade 2-101 (ochre), trplA63, his3A200, gcr6 Al::LEU2 [15]

MLDO05 ura 3-52, lys 2-801 (amber), ade 2-101 (ochre), trpl1A63, his3A200, gcr6 Al::LEU2, pMLDI13 (TRP1, CEN, This study
QCRO6)

MLDO06 ura 3-52, lys 2-801 (amber), ade 2-101 (ochre), trplA63, his3A200, gcr6 Al::LEU2, pMLD14 (TRP1, CEN, This study
QCR6-A26)

MLD09 ura 3-52, lys 2-801 (amber), ade 2-101 (ochre), trp1A63, his3A200, gcr6 Al::LEU2, pMLDI12 (TRP1, CEN, This study
QCR6-102A)

MLDO1 ura 3-52, lys 2-801 (amber), ade 2-101 (ochre), trplA63, his3A200, gcr6 Al::LEU2, pRS200 (TRP1, CEN) This study

W303-1A Mat a, ade 2-1, his 3-11,15, trp 1-1, leu 2-3,112, ura 3-1, can 1-100 [9]

JPJ1 Mat a, ade 2-1, his 3-11,15, trp 1-1, leu 2-3,112, ura 3-1, can 1-100, ripl::LEU2 [10]

JN24 Mat a, ade 2-1, his 3-11,15, trp 1-1, leu 2-3,112, ura 3-1, can 1-100, rip/::LEU2, pFL39-RIP1 (TRP1, CEN, This study
RIPI)

JN26 Mat a, ade 2-1, his 3-11,15, trp 1-1, leu 2-3,112, ura 3-1, can 1-100, rip/::LEU2, pJN72 (TRP1, CEN, RIP1- This study
A30)

JN25 Mat a, ade 2-1, his 3-11,15, trp 1-1, leu 2-3,112, ura 3-1, can 1-100, rip!::LEU2, pFL39 (TRP1, CEN) This study
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Fig. 2. Immunoblot analysis of Qcr6p and cytochrome ¢; and cyto-
chrome c¢ reductase activities of isolated mitochondria. Yeast strains,
described in Fig. 1 and Table 1, were grown on selective media at
30°C with dextrose as a carbon source. Half of the mitochondria
sample isolated from each strain was treated with proteinase K,
after which 90 pg of mitochondrial proteins were used per lane for
the immunoblot analysis. The top panel shows an immunoblot
probed with the monoclonal antibody raised against cytochrome c;.
The migration positions of intermediate (i-Cyt ¢;) and mature (m-
Cyt c¢;) cytochrome c¢; are indicated. The second panel shows the
same immunoblot as the top panel, except stripped and probed with
the polyclonal antibody raised against the GST-Qcr6 fusion protein.
The migration position of mature Qcrép (m-Qcr6p) is indicated.
The tracings in the bottom panel show the ubiquinol-cytochrome ¢
reductase activities of the same mitochondria samples as used for
the immunoblots. The non-enzymatic rate of cytochrome ¢ reduc-
tion was measured by the addition of 40 uM ubiquinol substrate
(S), after which the enzymatic rate was initiated by addition of mi-
tochondrial membranes (M). Numbers in parentheses alongside the
cytochrome ¢ reduction traces are rates of cytochrome ¢ reduction,
in umoles/min/mg, which have been corrected for the non-enzymatic
rate.

expressing the truncated Qcr6-A26p (Fig. 2). We then exam-
ined the amounts of mature sized Qcr6p and truncated forms
of the protein in total cell lysates of yeast expressing the
various forms of the protein. These Western blots (results
not shown) confirmed that there is approximately one-half
as much mature sized Qcr6p present in the cells of the strain
expressing Qcr6-A26p, consistent with the lower levels of ma-
ture sized Qcr6p in the mitochondrial membranes.

The antibodies did not detect Qcr6-102Ap, either within or
on the surface of the mitochondria (Fig. 2). However, the
Western blots performed on the total cell lysate of this strain
showed that a protein migrating at the expected position for
the C-terminal truncated Qcr6-102Ap was present and the N-
terminal presequence was not cleaved (results not shown).
Since the affinity-purified antibodies do not cross-react with
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any other proteins in the total cell lysate, we conclude that the
C-terminal truncated protein is expressed and present in the
cytoplasm, but not imported into the mitochondria. From the
intensity of staining in the Western blot and the appearance of
diffuse protease degradation products, it appears that the C-
terminal truncated Qcr6-102Ap is not as stable as the full
length Qcr6p (results not shown).

Cytochrome ¢ is synthesized as a precursor that carries a
61 amino acid presequence that is cleaved in two steps during
its import into mitochondria and assembly into the bc; com-
plex [16]. Previously, we have shown that the second cleavage
step, that processes cytochrome c¢; from an intermediate to
mature size, is blocked coincident with the loss of Qcr6p
[15]. The retardation of ¢; maturation and accumulation of
intermediate sized cytochrome ¢; is evident in the mitochon-
drial membranes from the Agcr6 deletion strain in Fig. 2.

The plasmid encoding Qcr6p corrects the defect in cyto-
chrome ¢; processing, as evidenced by the absence of inter-
mediate sized ¢;. The plasmid encoding Qcr6-A26p partially
corrects the defect in ¢; processing, since a small amount of
intermediate sized c¢; is detectable in the mitochondrial mem-
branes from that yeast strain (Fig. 2). The partial correction
of the c¢; processing defect is consistent with the lower
amounts of Qcr6p present in the mitochondria of the yeast
strain expressing the protein without the N-terminus. Evi-
dently, this extent of ¢; maturation is sufficient to fully restore
the bc; activity, since the cytochrome ¢ reductase activity of
the mitochondrial membranes from MLDO06 is identical to
that of the membranes from YPHS500 and MLDOS. The ex-
pression of Qcr6-102Ap did not correct the defect in the mat-
uration of cytochrome ¢;. The amount of intermediate sized
¢1 in mitochondrial membranes from MLDO09 was identical to
that in the deletion strain, MMY18 (Fig. 2).

Prot K - + -+ -+ -+ -+ - +
T — | =._
“Riplp — —_— — p-Qerép
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— M- Qcrép
v ) o ¢
a 1‘.-.. o — e | —— m-Qcrép

Fig. 3. Import of Qcr6p and Riplp into mitochondria in vitro. The
plasmids encoding Qcr6p, Riplp and N-terminal truncated deriva-
tives thereof (see Table 2) were transcribed and the RNA’s were
translated in vitro, after which the [**S]cysteine-labeled translation
products were incubated with mitochondria [12]. After import, half
of each sample was treated with proteinase K. The migration posi-
tions of precursor, intermediate and mature Riplp are indicated on
the left and the migration positions of precursor and mature Qcr6p
are indicated on the right. The samples are as follows: lanes 1 and
2, Riplp; lanes 3 and 4, Ripl-A30p; lanes 5 and 6, Qcr6p; lanes 7
and 8, Qcr6-A26p; lanes 9 and 10, Qcr6p+Riplp; lanes 11 and 12,
Qcr6-A26p+Riplp. In the last four lanes, equal radiochemically-la-
belled amounts of Qcr6p or Qcr6-A26p and Riplp were mixed in
the same tube, after which the samples were incubated with mito-
chondria under the conditions for in vitro protein import. In the
top panel, the autoradiograph was exposed overnight and in the
bottom panel, it was re-exposed for 6 days so that the radioactive
bands corresponding to m-Qcr6p are visible.
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Table 2

Transcription plasmid

pMLDO5 pMLDI3
pMLDI11 pMLD14
pMLDO1 pMLDI2
pGEM3-RIP1 pFL39-RIP1
pINT3 pINT2

Qcr6p
Qcr6-A26p
Qcro6-102Ap
Riplp
Rip1-A30p

3.4. Qcr6p, with or without the presequence, is inefficiently
imported into mitochondria in vitro

Because the presequence of subunit 6 is atypical of mito-
chondrial targeting sequences, we were interested to know
whether this protein was imported into mitochondria via the
same pathway as other inner membrane proteins [17]. To
study the import pathway of Qcr6p into mitochondria, we
performed in vitro import experiments. The iron-sulfur pro-
tein of the bc; complex contains a presequence that is required
for import of that protein into mitochondria. We used trun-
cated forms of the iron-sulfur protein as controls to demon-
strate the essential role of the presequence in the targeting and
assembly of this protein into the bc; complex.

In spite of extensive attempts and numerous variations on
the usual import protocols [12], we were unable to obtain
efficient import of Qcr6p with or without the presequence
into yeast mitochondria in vitro. Under conditions where
the iron-sulfur protein is imported into mitochondria and be-
comes inaccessible to proteinase K (Fig. 3, lanes 1 and 2), it
appears that the full length Qcr6p was not imported, as
judged by the lack of mature sized protein (Fig. 3, lanes 5
and 6, top panel). However, if the autoradiograph is exposed
for longer periods of time, it can be seen that a small amount
of the mature sized fragment was formed when Qcr6p was
incubated with mitochondria and this fragment was protected
from proteinase K (Fig. 3, lanes 5 and 6, bottom panel). In
contrast, the p-Qcr6p was completely digested with proteinase
K. These results suggest that Qcr6p is imported into the in-
termembrane space and processed to mature size with a very
low efficiency in vitro. To test whether import of Qcr6p re-
quires additional factors that are absent from the reticulocyte
lysate, we added yeast 100000 X g supernatant to the reticu-
locyte lysate, but this did not result in Qcr6p import. We also
tried co-translational import of Qcr6p from a homologous
system containing yeast polysomes but were unable to im-
prove the import of Qcr6p into yeast mitochondria. In all
of these systems, iron-sulfur protein of the bc; complex was
imported efficiently.

It appears that Qcr6-A26p lacking the presequence also did
not bind to the mitochondria and therefore was not imported
(Fig. 3, lanes 7 and 8, top panel). Again, however, if the
autoradiograph is exposed for longer periods of time, it can
be seen that a small amount of Qcr6-A26p bound to the mi-
tochondria and a significant amount of this fragment was
protected from proteinase K (Fig. 3, lanes 7 and 8, bottom
panel). Qcr6-A26p contains an N-terminal methionine and for
that reason migrates somewhat more slowly than mature sized
Qcr6p (lanes 7 and 8 versus 5 and 6, bottom panel of Fig. 3).

From these results, we conclude that the Qcr6 protein, ei-
ther with or without the presequence, is imported into mito-
chondria in vitro. However, the efficacy of import is too poor
to use the in vitro import system to test the role of the C-

terminus of the protein in import. From the amounts of la-
belled proteins that sediment with the mitochondria (Fig. 3,
lanes 5 and 7, top panel), it is clear that Qcr6p with the
presequence binds better to the outer mitochondrial mem-
brane than does Qcr6-A26p. Most of the latter was stably
retained and recovered in the supernatant after in vitro import
and separation of the mitochondria.

Iron-sulfur protein in which the presequence was removed
(lane 3) bound to the mitochondria but was not imported into
a protease-protected space (lane 4). These results confirm that
the presequence of the iron-sulfur protein is absolutely essen-
tial for import of this protein into mitochondria in vivo.
When Qcr6p was incubated together with Riplp, both pro-
teins bound to the mitochondria (lane 9) but only the iron-
sulfur protein was efficiently imported (lane 10). This result
demonstrates that the mitochondria are import competent and
that Qcr6p is not inhibitory to the import of iron-sulfur pro-
tein.

4. Discussion

From the results of our experiments, it is clear that the
cleavable N-terminal extension is not essential for the target-
ing and import of subunit 6 (Qcr6p) of the bc; complex into
mitochondria or for assembly of this subunit into the bc
complex. The presequence improves the efficacy of import of
Qcr6p into mitochondria in vivo, but it is not essential for
either of these processes. Our results also establish that infor-
mation necessary for import of Qcr6p is located in the C-
terminal region of the protein. Although we cannot rule out
the possibility that the absence of Qcr6 protein in mitochon-
dria might result from proteolysis after import, the C-terminal
truncated protein is detectable in the cytoplasm.

We have not been able to establish whether the C-terminus
itself is sufficient for import by the usual means of attaching
this region to a passenger protein and examining import of
the hybrid protein, since Qcr6p is imported very inefficiently
into mitochondria in vitro. One possible explanation for the
inefficient import is that there is no mechanism to concentrate
the imported Qcr6p or fold it into its native conformation in
an in vitro import system, since there is little, if any, ongoing
assembly of the bc; complex. If the subunit cannot be as-
sembled into the enzyme, the relatively small volume of the
intermembrane space would limit the amount that can be
taken up by the mitochondria.

Although our results establish that the presequence of
Qcr6p is not required for the import of this protein into mi-
tochondria, they leave the question unanswered why Qcro6p is
translated with a presequence. The atypical acidic presequence
that is present in this protein in yeast and mammals is absent
in the homologous protein of potato mitochondria [18]. There
are some mitochondrial and chloroplast proteins for which
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the presequence is not necessary for their targeting but which
plays a role in the specificity and efficiency of import, as well
as in the correct localization or assembly of the protein into
complexes. The yeast Qcr6 protein resembles Toc86p [19] and
the mammalian phosphate carrier [20] in this regard, in that
the presequence enhances import, but is not essential, and
information essential for import and targeting is internal or
at the C-terminus of the protein.

We also do not know how Qcr6p is imported into mito-
chondria, for example, whether it uses the Tim54p-dependent
pathway for inserting membrane proteins, the Tim23p-de-
pendent pathway for translocating precursors across the inner
membrane into the matrix or another, yet uncharacterized,
pathway [21,22]. These questions can only be addressed
when it becomes possible to efficiently import Qcr6p into mi-
tochondria in vitro.
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