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México D.F. 04510, México, the §Departamento de Morfología Celular y Molecular, Instituto Nacional de Rehabilitación,
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Synthesis of the largest cytochrome c oxidase (CcO) subunit,
Cox1, on yeast mitochondrial ribosomes is coupled to assembly
ofCcO.The translational activatorMss51 is sequestered in early
assembly intermediate complexes by an interaction with Cox14
that depends on the presence of newly synthesized Cox1. If CcO
assembly is prevented, the level of Mss51 available for transla-
tional activation is reduced.We deleted the C-terminal 11 or 15
residues of Cox1 by site-directed mutagenesis of mtDNA.
Although these deletions did not prevent respiratory growth of
yeast, they eliminated the assembly-feedback control of Cox1
synthesis. Furthermore, these deletions reduced the strength of
theMss51-Cox14 interaction asdetectedby co-immunoprecipi-
tation, confirming the importance of the Cox1 C-terminal resi-
dues forMss51 sequestration.We surveyed a panel ofmutations
that block CcO assembly for the strength of their effect on Cox1
synthesis, both by pulse labeling and expression of the ARG8m
reporter fused to COX1. Deletion of the nuclear gene encoding
Cox6, one of the first subunits to be added to assembling CcO,
caused themost severe reduction in Cox1 synthesis. Deletion of
theC-terminal 15 amino acids of Cox1 increasedCox1 synthesis
in the presence of each of these mutations, except pet54. Our
data suggest a novel activity of Pet54 required for normal syn-
thesis of Cox1 that is independent of the Cox1 C-terminal end.

Cytochrome c oxidase (CcO)2 is the terminal electron accep-
tor of themitochondrial respiratory chain. It transfers electrons
from cytochrome c to oxygen, with a coupled translocation of
protons from the matrix to the intermembrane space. In the
yeast Saccharomyces cerevisiae, this enzyme is composed of 11
subunits, three of which, Cox1, Cox2, andCox3, are encoded by
the mitochondrial genome, synthesized by organellar ribo-
somes, and integrated into the inner membrane from the
matrix side. Assembly of this enzyme is very complex. It in-
volves not only coordinated assembly of nuclear andmitochon-

drial encoded subunits, but the addition of metallic prosthetic
groups like heme a and copper centers. For this process, more
than 30 factors are necessary, although the functions of these
proteins are just starting to be elucidated (1, 2).
The yeast model is widely used to study the mechanisms of

CcO biogenesis, as several pathogenicmutations affecting CcO
assembly have been described in human genes having yeast
homologues. The majority of these encephalomyopathies are
associated with mutations in nuclear genes encoding CcO
assembly factors (3). In recent years somemutations associated
with Leigh syndrome have been found in genes affecting
expression of mitochondrial genes. This is the case for
LRPPRC, a human protein distantly related to the yeast trans-
lational activator Pet309 (4–6), andTACO1, a gene specifically
required for Cox1 synthesis (7).
Cox1 is the largest subunit of the CcO and spans the mito-

chondrial inner membrane 12 times (8). Cox1 contains the
heme a and heme a3-CuB centers for oxygen reduction. Cox1 is
present from the first assembly intermediate, and the rest of the
subunits and cofactors are thought to be added in a sequential
order (9, 10). Partial assembly of Cox1 is associated with perox-
ide sensitivity due to pro-oxidant intermediates containing
unassembled heme a3 (11).Hence, stoichiometry of Cox1 in the
inner membrane has to be highly regulated. For this, many fac-
tors have been identified that control Cox1 biogenesis. Pet309
and Mss51 are specific translational activators that function
through the COX1 mRNA 5�-UTR (untranslated region) (4,
12). In addition,Mss51 physically interacts with Cox1, suggest-
ing that it has a central role in coordinating the synthesis and
assembly of this subunit (13, 14). Cox1 and Mss51 form a high
molecular complex with Cox14. Next, Coa1 could insert into
this complex (15). Although Mss51 and Coa1 are proposed to
be liberated from this complex at early steps (16, 17), Cox14
might remain associated to the assembling CcO until the for-
mation of supercomplexes (16).
The current model proposes that Mss51 limits translational

activation of the COX1 mRNA, and is sequestered from this
function by its incorporation into assembly-intermediate com-
plexes containing newly synthesized Cox1 and Cox14. In CcO
assembly mutants, Mss51 is trapped in these complexes and
thus unavailable for efficientCOX1mRNA translational activa-
tion (12, 14).
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Pulse labeling of Cox1 in vivowith [35S]methionine is specif-
ically reduced in several mutations affecting CcO assembly (for
examples, see Refs. 14, 18, and 19). Lower levels of Cox1 label-
ing have even been documented for mutations affecting the
ATP synthase (20, 21) and theCcOsubstrate cytochrome c (22).
This reduction in Cox1 labeling is presumed to be due to
decreased COX1mRNA translation. Here, through mutagene-
sis of the mitochondrial COX1 gene we have found that the
C-terminal domain of Cox1 is necessary for assembly-coupled
translational down-regulation.Absence ofCox6, one of the first
subunits to be added to the CcO, showed one of the most dra-
matic C-terminal end-dependent reductions of Cox1 synthesis.
In addition, we report that Pet54 is a new component required
for normal COX1 mRNA translation. A mutation in Pet54
seems to reduce Cox1 synthesis by a mechanism that is inde-
pendent of the Cox1 C-terminal end.

EXPERIMENTAL PROCEDURES

Strains and Genetic Methods—S. cerevisiae strains used in
this study, all congenic or isogenic toD273-10B (ATCC 24657),
are listed under supplemental Table S1. Genetic methods and
mediawere as previously described (23, 24). Complete ferment-
able media were YPD or YPGal (containing 2% glucose or 2%
galactose). Non-fermentable medium was YPEG (3% glycerol,
3% ethanol). Minimal medium was synthetic complete (0.67%
yeast nitrogen base, 2% glucose) lacking the indicated amino
acids. The nuclear deletion constructs withKanMX4, LEU2, or
URA3 cassettes were obtained by PCR. Plasmids carrying the
cox1 mutations were transformed into rho0 strain NAB69 by
high-velocity microprojectile bombardment (25). Transfor-
mants were selected by their ability to rescue respiratory
growthwhenmatedwith a strain carrying aCox1D369Nmuta-
tion, L45 (26). Transformants were mated with XPM10b (con-
taining the cox1�::ARG8m construct) or XPM13a (containing
the cox2-62 and the cox1�::ARG8m construct) (13). Cyto-
ductants were selected for their ability to grow on YPEG as
haploids or after mating to a strain with the mutation G253D
(27). In all cases, correct integration of the different constructs
into the mtDNA was confirmed by PCR and DNA sequencing.
Construction of the cox1 Mutant Genes—Plasmid pXPM57,

containing the full-length, intronless COX1 gene was used as
template for PCR amplifications. This plasmid contains 395
and 990 nucleotides of the COX1 5�-UTR and 3�-UTR, respec-
tively, and was cloned in the XbaI-XhoI sites from pBluescript
(Stratagene). All cox1 mutant plasmids were generated by the
fusion PCR technique (28) using Accuzyme (Bioline). The 3�
half of theCOX1 coding regionwas amplified with primers that
incorporated themutations. These productswere digestedwith
NdeI and AflII and ligated into pXPM57 equally digested. Plas-
mids were sequenced to confirm the presence of the desired
mutations in COX1.
Analysis of Mitochondrial Proteins—Yeast cells were grown

in complete or minimal galactose media until late log phase.
Crude mitochondria were obtained by disruption of cells with
glass beads or by zymoliase 20T treatment as described (29).
Proteins were separated by SDS-PAGE on a 16% gel (30), and
Western blots were probed with antibodies to HA (Roche
Applied Science), c-Myc (Roche), or citrate synthase. Second-

ary goat anti-mouse or anti-rabbit (Sigma) conjugated to
horseradish peroxidase was detected with the ECL kit (GE
Healthcare).
In vivo pulse labeling of cells with [35S]methionine was per-

formed as previously described (31). After pulse labeling, cells
were chilled on ice and disrupted by vortexing with glass beads
to obtain mitochondria (29). The radiolabeled proteins were
separated on a 16% polyacrylamide gel and transferred to a
PVDF membrane before they were analyzed with a Typhoon
8600 Phosphorimager (GE Healthcare).
Translation in isolated mitochondria (3 mg of protein/ml) in

the presence of [35S]methionine was performed as previously
described (32). After translation, mitochondria were washed
with 0.6 M sorbitol, 20 mM HEPES, pH 7.4, and lysed with a
buffer containing 100 mMNaCl, 20 mM Tris, pH 7.4, and either
1% digitonin (w/v) or 1% dodecyl maltoside (w/v). Immunopre-
cipitation of labeled mitochondrial products with an HA-spe-
cific antibody coupled to protein A-agarose (Invitrogen) or
Myc-specific antibody coupled to protein A-agarose (Santa
Cruz) was performed according to the provider instructions.
Proteins were analyzed as described for in vivo labeling
experiments.

RESULTS

TheCarboxyl-terminal End of Cox1 Is Required forAssembly-
mediated Reduction of Cox1 Synthesis—Synthesis of Cox1 is
reduced in several mutants affecting CcO assembly. Mss51 has
a central role in this process by interacting with the Cox1 pro-
tein (13, 14).
We explored which regions of Cox1 might be involved in

regulating synthesis. Based on the bovine CcO crystallographic
structure (8), a model for the yeast Cox1 structure was gener-
ated using the program SWISS MODEL (33). The largest
hydrophilic portion of Cox1 was the C-terminal region, com-
prising 59 amino acids, exposed on the matrix side of the inner
membrane. This domain has an extended secondary structure
that turns and covers the bottom of Cox1 (Fig. 1A). We rea-
soned that this portion of Cox1 could contain sites for interac-
tion of peripheral membrane proteins like Mss51.
By site-directedmutagenesis andmitochondrial transforma-

tionwe deleted codons encoding the last 5 (Cox1�C5; PAVQS),
11 (Cox1�C11; VHSFNTPAVQS), or 15 (Cox1�C15;
SPPAVHSFNTPAVQS) residues from the C-terminal portion
of Cox1. The three mutant strains retained the ability to grow
on non-fermentable YPEG medium at levels comparable with
wild-type (data not shown), demonstrating that these Cox1
variants are assembled into active CcO.
To disrupt assembly, we first introduced a mitochondrial

cox2 deletion (cox2-62) (34) into mtDNA encoding the trun-
cated forms of Cox1. Mitochondrial translation products were
pulse-labeled in cells incubated with cycloheximide and
[35S]methionine. As expected, in cells synthesizing wild-type
Cox1, the cox2� mutation induced a dramatic reduction of
Cox1 labeling (Fig. 1B). Similarly, synthesis of the Cox1�C5
protein was reduced by the cox2� mutation. In contrast, the
synthesis of Cox1�C15 and Cox1�C11 was not reduced by the
cox2� mutation. These data indicate that residues between �5
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and �11 from the Cox1 C terminus, VHSFNT, are required to
down-regulate Cox1 synthesis in a cox2mutant.
The Last 15 Residues of Cox1 Facilitate the Interaction be-

tween Mss51 and Cox14—Assembly-mediated control of Cox1
synthesis involves sequestration of Mss51 in complexes con-
taining Cox14 and newly synthesized Cox1. Interaction of
Mss51 and Cox14 from wild-type mitochondrial extracts has
been previously observed (14), and is known to be dependent
upon synthesis of Cox1 (12). We therefore tested whether
interactions among these components were affected by dele-
tion of the last 15 residues of Cox1. We attached a triple Myc
epitope to the C terminus of Cox14, and a triple hemagglutinin
(HA) epitope to the C terminus ofMss51. The respiratory com-
petence of theMss51-HA,Cox14-Myc strainswere comparable
with wild-type levels, indicating that the tagged proteins were
functional (data not shown). We first asked whether immuno-
precipitation of Cox14-Myc would co-precipitate newly syn-
thesized Cox1�C15. Mitochondria isolated from strains con-
taining Cox14-Myc, Mss51-HA, and either wild-type Cox1 or
Cox1�C15, were allowed to synthesize proteins in the presence
of [35S]methionine. After solubilization in 1% digitonin, the
mitochondrial extracts were immunoprecipitated with a Myc-
specific antibody. The immunoprecipitated proteins were sep-
arated by SDS-PAGE and transferred to a PVDF membrane.

Co-precipitation of newly synthesized Cox1 and Cox1�C15
withCox14-Mycwas equally efficient (Fig. 2A). However, prob-
ing the PVDF membrane with HA-specific antibody to detect
Mss51-HA revealed that almost no Mss51-HA was co-precipi-
tated with Cox14-Myc in the presence of the truncated
Cox1�C15, in contrast to wild-type Cox1. We were unable to
analyze the interaction of unlabeled Cox1�C15 with Cox14-
Myc by Western blotting because the truncation apparently
removed the epitope recognized by the Cox1-specific antibod-
ies we tested (data not shown).
We also immunoprecipitated these mitochondrial extracts

withHA-specific antibody. As previously reported, newlymade
Cox1 co-precipitateswithMss51-HA (13). This interactionwas
similarly efficient in Cox1�C15 mitochondria (Fig. 2B). How-
ever, co-immunoprecipitation of Cox14-Myc with Mss51-HA
was dramatically reduced in the presence of Cox1�C15, com-
pared with wild-type Cox1. Taken together, these results indi-
cate that the ability of the truncated Cox1�C15 protein to
bridge the interaction between Cox14-Myc and Mss51-HA is
compromised.
Taken together, these data indicate that the C-terminal 15

residues of Cox1 are required for normal stability of a complex
(or complexes) containing Mss51, Cox14, and newly synthe-
sized Cox1. Instability of this complex could account for the
robust synthesis of Cox1�C15 in a mutant unable to assemble
CcO, because Mss51 would not be efficiently sequestered and
therefore available to activateCOX1mRNA translation. To test
this, we next examined the Mss51-Cox14 interaction in strains
unable to assemble CcO due to a cox4� mutation that con-

FIGURE 1. The Cox1 carboxyl-terminal end is required to down-regulate
Cox1 synthesis in a cox2� mutant. A, model of the S. cerevisiae Cox1 protein,
based on the crystal structure of the bovine CcO. The model was constructed
using SWISS MODEL, and visualized with MacPymol. Alignment of the yeast
and bovine Cox1 sequences revealed that S. cerevisiae has �23 additional
residues in the C-terminal region, from Lys483 to Asn505, which are located at
�52 to �29 with respect to the C-terminal end of Cox1 (Loop). Arrows indicate
residues on the Cox1 C-terminal end where deletions start. The number in
parentheses indicates the position of these residues with respect to the last
amino acid of Cox1. B, mitochondrial translation products were labeled with
[35S]methionine in the presence of cycloheximide, and proteins were ana-
lyzed as described under “Experimental Procedures.” Cells carried either the
wild-type Cox1 protein (Cox1), or the Cox1 protein lacking 15 (Cox1�C15), 11
(Cox1�C11), or 5 (Cox1�C5) amino acids of the carboxyl-terminal end. The
cox2� mutation (�) was introduced as indicated. Abbreviations are as follows:
cytochrome c oxidase subunit 1, Cox1; subunit 2, Cox2; subunit 3, Cox3; cyto-
chrome b, Cytb; subunit 6 of ATPase, Atp6; and the ribosomal protein, Var1.

FIGURE 2. The C-terminal end of Cox1 is necessary for stable interaction
of Mss51 and Cox14. A, translation in isolated mitochondria from wild-type
Cox1 or Cox1�C15 strains was performed in the presence of [35S]methionine.
Mitochondria were washed and solubilized with 1% digitonin. Mitochondrial
extracts were immunoprecipitated with a Myc-specific antibody to precipi-
tate Cox14-Myc or (B) HA-specific antibody to precipitate Mss51-HA. As con-
trol, strains lacking the Myc or HA epitopes in Cox14 and Mss51, respectively,
were included as indicated. Translation products were separated by SDS-
PAGE, and transferred to PVDF membrane before autoradiography. The
membranes were incubated with HA-specific antibody to detect Mss51-HA or
Myc-specific antibody to detect Cox14-Myc as indicated. The immunoprecipi-
tated fractions in the Western blot with anti-Myc antibody showed an addi-
tional, unspecific band, which is probably due to the IgG light chain of the
antibody used for co-immunoprecipitation (IP) (*). Total samples represent
5% of the aliquots used for immunoprecipitation.
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tained either wild-type Cox1 or Cox1�C15 (Cox1 synthesis in a
cox4� mutant was also regulated by the Cox1 C-terminal end,
see below). Mitochondria were isolated, allowed to synthesize
unlabeled proteins, and solubilized with 1% dodecyl maltoside.
Cox14-Myc was precipitated with aMyc-specific antibody, and
the precipitates were analyzed by Western blotting. We
observed an increased efficiency ofMss51-HA co-immunopre-
cipitation in cox4� as compared with COX4 mitochondria in
the presence of Cox1. However, the Cox14-Mss51 interaction
was not detected in the presence of Cox1�C15, regardless of
whether the cox4� mutation prevented CcO assembly (Fig. 3).
The Carboxyl-terminal End of Cox1 Regulates Cox1 Synthesis

in Several Mutants Affecting CcO Assembly—A wide range of
mutations that affect CcO assembly show reduced levels of
Cox1 labeling in the presence of [35S]methionine (14, 18, 19).
We tested whether labeling of the truncated variant Cox1�C15
would also remain unaffected when CcO assembly was dis-
rupted by mutations other than cox2�. Two groups of CcO
mutants were created. In the first group, synthesis of CcO sub-
units was prevented by cox4�, cox6�, and cox7� mutations, or
byCOX3mRNA translational activatormutations pet122� and
pet54�. Cox6 is added to the first assembly intermediate con-
taining Cox1, whereas Cox3, Cox4, and Cox7 are assembled
later (35). In the second group, assembly chaperoneswere elim-
inated: mss2� (necessary for assembly of Cox2 (36)), cox11�,
cox15� (involved in formation of CuB and heme a centers in
Cox1, respectively (37, 38)), coa1� (participates in Cox1 assem-
bly (16, 17)), pet100� (involved in formation of intermediates
containing Cox7, Cox7a, and Cox8 (39), and pet191� (twin
Cx9C protein necessary for full assembly of CcO (40)). Cox11,
Cox15, and Coa1 seem to participate in the early stages of CcO
assembly (1, 15).
We constructed strains carrying each nuclear mutation with

either wild-type mtDNA or the mtDNA encoding Cox1�C15,
and carried out [35S]methionine labeling (Fig. 4,A and B).With
the exception of the coa1� strain, which was previously dem-
onstrated to have normal levels of Cox1 [35S]methionine label-
ing (16, 17), and in our hands had no respiratory growth defect
in the D273-10B nuclear genetic background used here, the
CcO mutants showed reduced labeling of wild-type Cox1 by
42–85%. In contrast, labeling of the truncated Cox1�C15 pro-
tein was not reduced by most of these mutations, indicating
that the C-terminal end of Cox1 regulates Cox1 synthesis inde-
pendently of the stage where CcO assembly is interrupted. Two

mutants consistently showed the most dramatic reduction of
both Cox1 andCox1�C15 [35S]methionine labeling: cox6� and
pet54�.
The cox6� mutation reduced labeling of wild-type Cox1 by

85%, and also reduced labeling of Cox1�C15 by 63%. Thus, the
cox6� mutation strongly reduced Cox1 labeling, and this effect
is only slightly ameliorated by the C-terminal truncation of
Cox1. The pet54�mutation reduced labeling of wild-typeCox1
by 60%. In contrast to other CcO assemblymutants, the pet54�
mutation similarly reduced labeling of the truncated
Cox1�C15. This was the only mutant analyzed whose Cox1
labeling was not increased by the C-terminal truncation of
Cox1, suggesting that this effect might not be due simply to the
lack of CcO assembly. Indeed, deletion of another COX3
mRNA translational activator, Pet122, resulted in a labeling
pattern similar to those of the majority of CcO assembly
mutants.
The more dramatic reduction of Cox1 labeling in cox6� and

pet54� could be due to decreased synthesis or a more rapid
degradation of newlymadeCox1. To distinguish these possibil-
ities, we analyzed expression of the mitochondrial reporter
gene ARG8m, which codes for a soluble biosynthetic enzyme in
thematrix, andwhose activity does not depend on the presence
of CcO (41).ARG8mwas fused in-frame to the end of theCOX1
coding region to create the construct COX1(1–512)::ARG8m
(13). This ARG8m sequence specifies the cleavage site for the
pre-Arg8 mitochondrial targeting signal, such that accumula-
tion of mature Arg8 should not be affected by the stability of
Cox1. Thus, expression ofARG8m from this construct provides
a readout of COX1mRNA translation. Furthermore, the Cox1
moiety encoded by COX1(1–512)::ARG8m is assembled into
active CcO complexes, supporting normal respiratory growth
(13).
We combined some of the nuclear mutations described in

Fig. 4A with the COX1(1–512)::ARG8m construct. All the CcO
mutants analyzed showed reduced growth in medium lacking
arginine as compared with a wild-type strain with the
COX1(1–512)::ARG8m construct (Fig. 4C). However, absence
of Cox6 and Pet54 consistently showed the most dramatic
reduction in Arg� growth. [35S]Methionine labeling of the
Cox1-Arg8 fusion protein in these cells was reduced in all the
CcOmutants, but most dramatically reduced in the cox6� and
pet54� mutants (supplemental Fig. S1). These data confirm
that the CcO assembly defect caused by the loss of Cox6 or
Pet54 reduced synthesis of the reporter fused to full-length
Cox1 more than other CcO mutants.
Cox6, together with Cox5a, are the first subunits to assemble

with Cox1 (35). It has been suggested that Cox5a and Cox6
confer stability to newly synthesized Cox1 (42). To further test
whether deletion of Cox6 confers a strong decrease in Cox1
synthesis we first asked whether conditions that alter Cox1
pulse labeling in CcO assembly-defective mutants similarly
alter expression of the COX1(1–512)::ARG8m reporter. In
cox14� cells, [35S]methionine labeling of Cox1 is restored to
wild-type levels even in the presence of mutations affecting
CcO assembly (14). Consistent with this finding, double
mutant cox6�, cox14� cells grew on medium lacking argi-
nine as well as wild-type COX6, COX14 cells (Fig. 5A). Mito-

FIGURE 3. Interaction of Mss51 with Cox14 is not stable in CcO assembly
mutants lacking the C-terminal end of Cox1. Mitochondria from Cox1 or
Cox1�C15 in the presence of either wild-type COX4 (WT) or cox4� (�) muta-
tion were solubilized with 1% dodecyl maltoside and immunoprecipitated
with a Myc-specific antibody. The immunoprecipitated (IP) fraction was ana-
lyzed by Western blot with an antibody to HA, the membrane was stripped
and then reprobed with an antibody to Myc. The total fractions represent 5%
of mitochondria before solubilization. Western blot with anti-Myc antibody
showed a doublet, which is probably due to partial cleavage of the triple Myc
epitope.
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chondrial [35S]methionine labeling of these strains showed a
band corresponding to the Cox1-Arg8 fusion protein. Labeling
of the Cox1-Arg8 precursor, as well as the small amount of
processedCox1was reduced by cox6�. However, Cox1 labeling
was largely restored in the cox6� cox14� double mutant (Fig.
5B). Together these data confirm that translation of the Arg8
reporter is decreased in the absence of Cox6.
We next performed [35S]methionine labeling in the presence

of cycloheximide of Cox1 or Cox1�C15 cells. The cox6�muta-
tion reduced labeling of Cox1 and Cox1�C15. However, label-

ing was restored to almost wild-type
levels in the cox6� cox14� double
mutant (Fig. 5C). Cox1 pulse label-
ing in CcO assembly mutants can
also be increased by overexpression
of Mss51 (14). We found that over-
expression of MSS51 partially
restored labeling of Cox1 and
Cox1�C15 in a cox6� mutant (sup-
plemental Fig. S2).
Taken together, these data indi-

cate that the assembly defect caused
by the cox6� reduces Cox1 synthe-
sis more strongly than the other
assembly defects tested. It appar-
ently acts by reducing the level of
Mss51 available for translational
activation, because Cox1 synthesis
is partially restored by the cox14�
and C-terminal truncation of Cox1,
both of which weaken the Cox1-
Mss51 interaction.

DISCUSSION

Assembly of the CcO is a multi-
step process that involves the coor-
dinated incorporation of mito-
chondrially and nuclearly encoded
subunits, as well as prosthetic
groups. It is now recognized that
mitochondrially encoded Cox1 is
the foundation upon which further
assembly occurs. A common obser-
vation is that pulse labeling of Cox1
is reduced in the majority of mu-
tants with defects in CcO assembly,
reflecting decreased synthesis of
Cox1. The mechanisms by which
the CcO assembly state is sensed to
regulate Cox1 synthesis are not
completely understood. The pro-
teins Mss51 (13, 14), Cox14 (14),
and Coa1 (16, 17) form complexes
with newly synthesized Cox1, cou-
pling regulation of Cox1 synthesis
to CcO assembly.
One question that remains is the

mechanism by which the assembly
state ofCox1 is sensed. Tomap the portions ofCox1 involved in
this regulation we analyzed the C-terminal domain of Cox1 by
site-directed mutation. This 59-amino acid region is exposed
on the matrix side of the inner membrane in the assembled
enzyme, and could interactwith peripheral proteins likeMss51.
We found that deletion of the last 11 or 15 residues of Cox1
disrupted the assembly-feedback control of Cox1 synthesis
without inactivating CcO. These mutants showed wild-type
levels of Cox1 synthesis when the CcO assembly was impaired.
These C-terminal deletions of Cox1 also reduced the interac-

FIGURE 4. The Cox1 C-terminal end regulates Cox1 synthesis in many CcO mutants. A, Cox1 (�) or
Cox1�C15 (�) cells with a deletion in the indicated genes were pulse-labeled with [35S]methionine in the
presence of cycloheximide, and proteins were analyzed as described under “Experimental Procedures.”
B, quantification of the Cox1 signals from A. The level of Cox1 labeling was normalized to the Cox3/Atp6 signal,
and was expressed as a percentage of the wild-type, Cox1 signal (except for signals from the pet54� and
pet122� mutants, which were normalized with respect to Cytb). Error bars indicate standard deviations from 3
independent experiments. We also compared the signal of the cytochrome b to the Cox3/Atp6 signal (or the
signal from Cox2 to the cytochrome b in the pet54� and pet122� mutants), and in those cases no sig-
nificant difference was observed (data not shown). C, translation of the mitochondrial reporter gene
COX1(1–512)::ARG8m was analyzed by growth of the indicated mutants on media lacking (�Arg) or containing
arginine (�Arg). In this construct the precursor of Arg8 was fused to the C-terminal end of the complete Cox1.
Cells were spotted as serial dilutions and grown for 3 days at 30 °C.
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tion between Mss51 and Cox14 during otherwise normal
assembly. It is unknown whether Mss51 and Cox14 interact
directly or via intermediate proteins in early assembly com-
plexes. In any event,Mss51 andCox14 do not interact normally
even in the absence of CcO assemblywhenCox1 lacks its last 15
residues. This weakened interaction could reduce sequestra-
tion of Mss51 in CcO assembly intermediates, making more
Mss51 available for activation of COX1mRNA translation.
Interestingly, during the analysis of a wide range of CcO-

deficient mutants, we found that Pet54 is required for normal
levels of Cox1 synthesis. Pet54 is required both forCOX3 trans-
lation (43) and for splicing of the aI5� intron present in the
COX1 gene of many yeast strains (44), and these activities are
genetically separable (45). However, the COX1 gene in the
strains employed here lacks introns. This novel Pet54 activity is
independent of the C-terminal end of Cox1.
The hydrophilic Cox1 C-terminal end could adopt different

conformations during assembly of the newly synthesized pro-
tein in response to its association with assembly factors and
other subunits. These conformations could differ in their ability
to sequesterMss51.We observed that among the CcOmutants
analyzed in the present study, absence of Cox6 caused one of
the most dramatic reductions in Cox1 synthesis, as analyzed by
[35S]methionine labeling experiments or expression of the
ARG8m reporter fused to COX1. We propose that early in
assembly the C-terminal end of Cox1 has a conformation that
strongly stabilizes the association of Mss51 with a high molec-
ular weight complex containingCox14 andCox1 (Fig. 6, step 2).
When Cox6 and possibly Cox5a are added to the complex,
and/or when hemes are inserted (15), the C-terminal end of
Cox1 could change. The crystal structure of assembled bovine
CcO shows that these subunits are in close proximity to the
C-terminal end of Cox1 (8). This conformational change could
weaken the Cox14-dependent interaction of Mss51 with the
assembly complex. It was previously proposed that Mss51 is

liberated from the assembling
enzyme early at (16) or before (15)
the point where Cox5a and Cox6
are added. However, it is possible
that some Mss51 remains weakly
bound to the complex until further
steps of assembly are completed.
This would help explain how
mutations blocking assembly
downstream in the pathway, such
as the cox4� mutation, also elicit
reduced Cox1 synthesis by seques-
tration of Mss51, but less strongly
than the cox6� (Fig. 6, step 3). At
the latest, once Cox1 is assembled
within the CcO and its C-terminal
end acquires the final or close to
final conformation, Mss51 must
be liberated from the complex
(Fig. 6, step 4) and available for
further rounds of translational
activation of the COX1 mRNA
(Fig. 6, steps 1 and 5).

It remains unclear whether assembly-feedback regulated
synthesis of Cox1 in mitochondria occurs in other species. A
few examples inmammals suggest that translation of theCOX1
mRNA might be reduced by defects associated with CcO
assembly. It has been documented that a 15-base pair deletion
in the human mitochondrial COX3 gene (46), as well as lack of
cytochrome c inmouse fibroblasts (47) leads to amodest reduc-
tion of [35S]methionine labeling of Cox1. However, these stud-
ies did not clearly distinguish whether decreased Cox1 labeling
was due to reduced synthesis or increased turnover.
Regulated synthesis of Cox1 in S. cerevisiae is the first iden-

tified example in mitochondria where an organelle-encoded
protein has amino acid sequences that couple regulation of its
own synthesis to assembly. However, a similar mechanism has
been demonstrated in the chloroplast ofChlamydomonas rein-
hardtii. Synthesis of some organelle-encoded subunits is
strongly reduced when other subunits from the photosynthetic
complexes are missing (48–50). For the b6f complex, a C-ter-
minal extension of 11 residues within cytochrome f is necessary
for this regulation, possibly by stabilizing an interaction with
the translational activator Tca1 when the enzyme is not assem-
bled (51). This extension showed no obvious similarity with the
Cox1 C terminus.
The C-terminal end of Cox1 contains the consensus motif

SPP(P/A)XH, where His503 (as numbered in the bovine se-
quence) is necessary for the tunneling of protons through the D
channel to the heme a3-CuB center (52). Interestingly, this his-
tidine is part of the VHSFNTmotif and is removed by our dele-
tion of the last 15 residues of Cox1, demonstrating that it is not
essential for oxidative phosphorylation in yeast.
The hydrophilic carboxyl-terminal domain of Cox1 is less

conserved overall than the transmembrane domains. However,
this region seems to be crucial for CcO activity. In the protist
Acanthamoeba castellanii the mitochondrial COX1 gene lacks
the region coding for theC-terminal end. Interestingly, a nucle-

FIGURE 5. Synthesis of Cox1 is reduced in a cox6� mutant. A, translation of COX1(1–512)::ARG8m in the
indicated mutants was analyzed as described in the legend to Fig. 4C. B, mitochondrial translation products of
cells from A were obtained in the presence of cycloheximide and [35S]methionine. In addition, a strain with wild
type COX1 was included as control. The Cox1-Arg8 precursor protein is indicated with an arrow. For unknown
reasons this fusion is detected as a doublet. C, Cox1 or Cox1�C15 cells with a deletion in the indicated genes
were pulse-labeled with [35S]methionine in the presence of cycloheximide, and proteins were analyzed as
described under “Experimental Procedures.”

The Cox1 C-terminal End Regulates COX1 Translation

NOVEMBER 5, 2010 • VOLUME 285 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 34387



us-encoded protein homologous to this domain is imported
into mitochondria, suggesting that the two peptides interact in
trans to fulfill the same role as the intact protein (53).
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