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Functional interactions of the translational activator Mss51 with both the mitochondrially encoded COX1 mRNA
5�-untranslated region and with newly synthesized unassembled Cox1 protein suggest that it has a key role in coupling
Cox1 synthesis with assembly of cytochrome c oxidase. Mss51 is present at levels that are near rate limiting for expression
of a reporter gene inserted at COX1 in mitochondrial DNA, and a substantial fraction of Mss51 is associated with Cox1
protein in assembly intermediates. Thus, sequestration of Mss51 in assembly intermediates could limit Cox1 synthesis in
wild type, and account for the reduced Cox1 synthesis caused by most yeast mutations that block assembly. Mss51 does
not stably interact with newly synthesized Cox1 in a mutant lacking Cox14, suggesting that the failure of nuclear cox14
mutants to decrease Cox1 synthesis, despite their inability to assemble cytochrome c oxidase, is due to a failure to
sequester Mss51. The physical interaction between Mss51 and Cox14 is dependent upon Cox1 synthesis, indicating
dynamic assembly of early cytochrome c oxidase intermediates nucleated by Cox1. Regulation of COX1 mRNA translation
by Mss51 seems to be an example of a homeostatic mechanism in which a positive effector of gene expression interacts
with the product it regulates in a posttranslational assembly process.

INTRODUCTION

The largest subunit of mitochondrial cytochrome c oxidase,
Cox1, is encoded in the mitochondrial DNA (mtDNA) of all
eukaryotic species that have been examined (Gray et al.,
2004), and it is synthesized by their organellar genetic sys-
tems. Cox1 is highly hydrophobic, spanning the inner mito-
chondrial membrane 12 times, and it is complexed with
several metal ions and two heme A moieties that participate
directly in electron transport (Tsukihara et al., 1996). It is
assembled into the core of cytochrome c oxidase, largely
surrounded by subunits encoded by nuclear genes. The
processes by which Cox1 is assembled with the other sub-
units and cofactors into an active enzyme are highly com-
plex, requiring at least 30 genes in Saccharomyces cerevisiae
(Herrmann and Funes, 2005; Khalimonchuk and Rodel, 2005;
Cobine et al., 2006; Fontanesi et al., 2006; Barrientos et al.,
2009). The assembly pathway is not understood in detail. In
mammals, analysis of mutant and drug-treated cell lines
indicates that Cox1 is a component of the earliest assembly
intermediates (Nijtmans et al., 1998; Williams et al., 2004),
and similar analysis in yeast is consistent with this idea
(Horan et al., 2005).

An important function of this assembly process may be to
prevent incompletely assembled components of cytochrome

c oxidase from generating damaging reactive oxygen spe-
cies, before they are contained by the holoenzyme. Indeed,
mutations in several yeast genes required for cytochrome c
oxidase assembly cause hypersensitivity to hydrogen perox-
ide (Pungartnik et al., 1999; Williams et al., 2005; Banting and
Glerum, 2006), and a key component of the reactive prooxi-
dant species is Cox1 (Khalimonchuk et al., 2007). One feature
of the assembly process that is likely to play a role in
minimizing the level of such prooxidant species is the cou-
pling of Cox1 synthesis to assembly of cytochrome c oxidase
(Barrientos et al., 2004).

Translation of S. cerevisiae mitochondrially coded mRNAs
within the organelle is tightly controlled by nuclearly en-
coded mRNA-specific translational activators that, in most
cases, recognize the 5�-untranslated regions (UTRs) of their
target mRNAs (reviewed in Fox, 1996; Towpik, 2005). For
example, Pet309 recognizes the leader of the COX1 mRNA
and specifically activates synthesis of the Cox1 protein
(Manthey and McEwen, 1995). Furthermore, Pet309 also
interacts with the activators of COX2 and COX3 mRNA
translation to colocalize synthesis of the three core subunits
of cytochrome c oxidase, promoting efficient assembly
(Sanchirico et al., 1998; Naithani et al., 2003).

Mss51 is the second known COX1 mRNA-specific trans-
lational activator (Decoster et al., 1990; Siep et al., 2000). It
is of particular interest because dominant MSS51 mis-
sense mutations can suppress the leaky cytochrome c
oxidase assembly defect caused by a shy1� mutation in
yeast (Barrientos et al., 2002). Mutations affecting the human
homologue of SHY1, SURF1 (Mashkevich et al., 1997), cause
a similar cytochrome oxidase deficiency associated with
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Leigh syndrome (Tiranti et al., 1998; Zhu et al., 1998). PSI-
BLAST comparisons indicate that both the human and
mouse genomes encode a possible orthologue of yeast Mss51
(NP_001019764 and XP_912342) (Saccharomyces Genome Da-
tabase), although the function of this mammalian protein is
unknown.

Yeast Mss51 has two genetically distinct activities that
make it an excellent candidate for a regulatory protein cou-
pling Cox1 synthesis to cytochrome c oxidase assembly
(Perez-Martinez et al., 2003). First, Mss51 is required to trans-
late an mRNA encoding a reporter gene, ARG8m, inserted at
the COX1 locus in place of the COX1 protein coding se-
quence, demonstrating that Mss51 has a target in either the
5�- or 3�-UTRs of the COX1 mRNA (or both). This activity
may resemble that of other known translational activators.
However, Mss51 (but not Pet309) is also required to express
a chimeric mRNA bearing the untranslated regions of the
COX2 mRNA flanking either the COX1 coding sequence or
a COX1::ARGm translational fusion gene, demonstrating that
Mss51 has a second genetically defined target mapping in
the COX1 coding sequence itself (Perez-Martinez et al.,
2003). Furthermore, immune precipitation of epitope-tagged
Mss51 efficiently coprecipitates newly synthesized, unas-
sembled Cox1 (Perez-Martinez et al., 2003; Barrientos et al.,
2004; Mick et al., 2007). This strongly suggests that the
second target of Mss51 action is Cox1 itself. This protein–
protein interaction seems to be necessary for Cox1 syn-
thesis (Perez-Martinez et al., 2003) and is also likely to be
required for early steps in the cytochrome c oxidase as-
sembly pathway (Mick et al., 2007; Pierrel et al., 2007;
Zambrano et al., 2007).

Evidence indicating a coupling of Cox1 synthesis to as-
sembly emerged from a systematic study demonstrating that
most yeast mutations which disrupt cytochrome c oxidase
assembly reduce, but do not eliminate, in vivo pulse labeling
of Cox1 (Barrientos et al., 2004), a phenomenon observed
previously in a few mutants (Poutre and Fox, 1987; Calder
and McEwen, 1991). These observations suggest the exis-
tence of an assembly–feedback control system similar to that
discovered previously in the chloroplast of Chlamydomonas
reinhardtii (Choquet et al., 1998). Overproduction of Mss51 in
several of the yeast assembly mutants largely reversed their
Cox1 synthesis reductions (Barrientos et al., 2004). Interest-
ingly, one cytochrome c oxidase assembly mutation, cox14�,
did not reduced Cox1 pulse labeling, indicating that Cox14
is required for the feedback. Coprecipitation experiments
revealed that Cox14 interacts both with newly synthesized
Cox1 and with Mss51. Based on these findings and the dual
activities of Mss51 (Perez-Martinez et al., 2003), Barrientos et
al. (2004) proposed a model in which sequestration of Mss51
in assembly intermediates containing Cox1 and Cox14 could
limit Cox1 synthesis (Barrientos et al., 2004).

In this article, we present evidence that strongly supports
a regulatory role for Mss51 in controlling Cox1 translation
and demonstrates dynamic interactions among newly syn-
thesized Cox1, Mss51, and Cox14 that couple Cox1 synthesis
to early steps in cytochrome c oxidase assembly.

MATERIALS AND METHODS

Strains, Media, and Genetic Methods
The S. cerevisiae strains used in this study are listed in Table 1. Standard
genetic methods and media recipes were as described previously (Rose et al.,
1988; Fox et al., 1991). Complete fermentable media were YPD or YPRaf
(containing 2% glucose or 2% raffinose). Nonfermentable medium was YPEG
(3% glycerol and 3% ethanol) or 2% lactate. Minimal media contained 0.67%
yeast nitrogen base, 2% glucose, and Complete Supplement Mixtures (CSMs)
purchased from Bio 101 (Vista, CA). Sequences encoding 3xHA or 3xMyc

epitope tags were added to the 3� ends of nuclear gene coding sequences,
without altering mRNA flanking sequences, by pop-in pop-out transforma-
tion as described previously (Schneider et al., 1995). Mitochondrial transfor-
mation, and integration of altered genes into rho� mtDNA, was as described
previously (Perez-Martinez et al., 2003; Bonnefoy et al., 2007). Plasmids (see
below) bearing cox1�::ARG8m-1, cox1�::ARG8m-2, and COX1::3xHA chimeric
genes were transformed into the rho0 strain NAB69 by high-velocity micro-
projectile bombardment. Mitochondrial transformants were identified by
their ability to rescue arginine growth when mated with a rho� cox3�::arg8m-1
mutant (Bonnefoy and Fox, 2000) or by respiratory growth when mated with
a rho� strain carrying a cox1-D369N mutation, L45 (Meunier et al., 1993).
Altered mitochondrial genes in the transformants were integrated by homol-
ogous recombination into rho� mtDNA by isolating cytoductants issued from
crosses of the transformants to either NB40-36a followed by selection for
Arg� growth, or to XPM10b followed by selection for respiratory growth, as
appropriate.

Construction of Chimeric Mitochondrial Genes
Chimeric genes were generated by the fusion polymerase chain reaction
technique (Ho et al., 1989) using Pfu polymerase (Stratagene, La Jolla, CA) or
Taq polymerase (Invitrogen, Carlsbad, CA), as described previously (Perez-
Martinez et al., 2003). The cox1�::ARG8m-1 construct (pXPM76) consists of 395
base pairs of the COX1 5�-UTR sequence, followed by ARG8m, and 119 base
pairs encoding the COX2 3�-UTR replacing 525 base pairs corresponding to
the COX1 3�-UTR. After the COX2 3�-UTR sequence, there are 465 base pairs
of downstream COX1 flanking sequence to allow integration at the COX1
locus. The cox1�::ARG8m-2 construct (pXPM80) consists of 568 base pairs of
upstream COX1 flanking sequence, followed by 73 base pairs encoding the
COX2 promoter and 5�-UTR, ARG8m, and 990 base pairs of downstream
COX1 flanking sequence encoding its 3�-UTR. The COX1::3xHA construct
(pXPM63) consists of the intronless COX1 coding sequence (Labouesse, 1990)
with 90 base pairs encoding three HA epitopes inserted upstream of the stop
codon, flanked by 395 base pairs of upstream sequence and 990 base pairs of
downstream sequence.

Analysis of Mitochondrial Proteins
Yeast cells were grown in 10 ml of complete raffinose medium until late log
phase. Cells were disrupted by vortexing with glass beads, and crude mito-
chondria were obtained as described by Diekert et al. (2001), except that
protease inhibitor mini-tablets (Roche Diagnostics, Indianapolis, IN) were
added instead of phenylmethylsulfonyl fluoride. Proteins were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) (Laemmli, 1970). For West-
ern blots, proteins were transferred to polyvinylidene difluoride membranes
(Immobilon-P; Millipore, Billerica, MA), or nitrocellulose where indicated,
and probed with an anti-Arg8 antibody (Steele et al., 1996), anti-Cox1 (Mito-
Sciences, Eugene, OR), anti-hemagglutinin (HA) (Roche Diagnostics), or anti-
Myc (Roche Diagnostics). Immune complexes were detected with either goat
anti-rabbit immunoglobulin (Ig)G or anti-mouse IgG conjugated to horserad-
ish peroxidase (Bio-Rad Laboratories, Hercules, CA) and the enhanced chemi-
luminescence (ECL) kit (GE Healthcare, Little Chalfont, Buckinghamshire,
United Kingdom), or when using anti-Cox1, the ECL Plus kit (GE Healthcare).
Alternatively, for the experiment of Figure 2A and similar experiments, the
secondary antibody was AlexaFluor488-conjugated goat anti-mouse IgG (In-
vitrogen). Fluorophore signals were detected using a Storm PhosphorImager
840 (GE Healthcare). The signals were quantitated by subtracting the sum of
pixel intensities of a background area from the sum of pixel intensities of an
equal sample area as described (Demlow and Fox, 2003). For immunoprecipi-
tation, mitochondria were solubilized in 1% digitonin and incubated with
anti-HA agarose (Roche Diagnostics) as described previously (Herrmann et
al., 2001; Perez-Martinez et al., 2003). Total proteins were precipitated from
solubilized extracts and immune supernatants using StrataClean resin (Strat-
agene, San Diego, CA) (Ziegler et al., 1997). Mitochondrial translation prod-
ucts were radiolabeled in 300–700 �g of highly purified mitochondria for 30
min at 25°C in the presence of [35S]methionine, as described previously
(Westermann et al., 2001; Perez-Martinez et al., 2003).

RESULTS

Mss51 Acts on the COX1 mRNA 5�-UTR and Is Present at
Levels near Rate Limiting for Expression
Mss51 is required posttranscriptionally for expression of a
chimeric mitochondrial mRNA composed of the COX1 5�-
and 3�-UTRs flanking the mitochondrial reporter gene
ARG8m, demonstrating that one of its activities is mediated
through untranslated COX1 mRNA sequences (Perez-
Martinez et al., 2003). Other well studied mitochondrial
translational activators target exclusively mRNA 5�-UTRs
(Towpik, 2005). However, the unusual nature of Mss51’s
dual activities raised the possibility that it might target the
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3�-UTR, the mRNA region mediating many other cases of
translational control (Kuersten and Goodwin, 2003). To
determine whether the 5�- or 3�-UTR could be a sole target of
Mss51 in vivo, we created strains in which COX2 5�- and
3�-UTRs individually replaced the COX1 5�- or 3�-UTRs
flanking ARG8m by inserting chimeric genes into mtDNA at
the COX1 locus (see Materials and Methods). We deleted the
525 base pairs encoding the COX1 3�-UTR, replacing them
with 118 base pairs encoding the COX2 3�-UTR. In a separate
strain, we deleted the 505 base pairs encoding the COX1
5�-UTR, replacing them with 73 base pairs encoding the
COX2 promoter and COX2 mRNA 5�-UTR, which contains
the target of the COX2-specific translational activator Pet111
(Dunstan et al., 1997; Green-Willms et al., 2001) (Figure 1A).
In strains containing a wild-type nuclear genome both chi-
meric mitochondrial mRNAs supported Arg� growth. In
strains containing the mss51� mutation, the chimeric ARG8m

mRNA bearing the COX1 5�-UTR and COX2 3�-UTR failed
to support Arg� growth. However, the mss51� strain con-
taining the chimeric mRNA bearing the COX2 5�-UTR and
COX1 3�-UTR grew well in the absence of arginine. As
expected, expression of this ARG8m mRNA bearing the
COX2 5�-UTR was also independent of the COX1-specific

translational activator Pet309 (Manthey and McEwen, 1995;
Perez-Martinez et al., 2003) but was dependent upon the
COX2-specific translational activator Pet111 (data not shown).
Thus, Mss51 has a translational activation target in the
COX1 mRNA 5�-UTR and may act there together with
Pet309. This target could correspond to a region of the COX1
mRNA 5�-UTR that interacts with Mss51 in the yeast three-
hybrid system (Zambrano et al., 2007).

For mRNA-specific translational activation through the
COX1 5�-UTR to play a role in modulating Cox1 synthesis,
Mss51 and/or Pet309 should be present at or near rate-
limiting levels in mitochondria. To test whether this is so, we
examined expression of ARG8m, inserted in place of the
COX1 codons, in diploid strains lacking one copy of MSS51,
PET309, or both. Expression of the reporter in heterozygous
diploids relative to homozygous wild type was assayed by
growth on medium lacking arginine (Figure 1B). In both
cases, reduced gene dosage decreased the rate of growth on
medium lacking arginine, with pet309�/PET309 having a
stronger effect than mss51�/MSS51. A diploid heterozygous
for both nuclear mutations was more strongly affected than
either single mutant. We conclude that the levels of Mss51

Table 1. Yeast strainsa used in this study

Strain Genotype Reference

CAB267 MAT�, ade2, ura3�, cox14�::URA3, MSS51::3xHA ���� This study
CAB268 MAT�, ade2, ura3�, cox14�::URA3 ���� This study
CAB299 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3�MYC

���, cox1�::ARG8m, cox2�::COX1b, COX2�
This study

CAB300 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3�MYC ��� ��aI, ��bI� This study
CAB302 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3�MYC, pet309::URA3

��� ��aI, ��bI�
This study

CAB306 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3�MYC, cbs2::URA3,
��� ��aI, ��bI�

This study

CAB312 MAT�, ura3�::KanMX3, leu2-3,112, his4-519, MSS51::3xMYC, ���� This study
CAB313 MAT�, ura3-52, leu2-3,112, lys2, his4-519, arg8::hisG, MSS51::3xMYC,

��� COX1::3xHA ��aI, ��bI�
This study

CAB315 MAT�, ura3-52, leu2-3,112, lys2, his4-519, arg8::hisG, MSS51::3xMYC, mss2�::LEU2
��� COX1::3xHA ��aI, ��bI�

This study

DAU1 MAT�, ade2, ura3� ���� Costanzo and Fox (1988)
NAB69 MATa, ade2-101, arg8::hisG, ura3-52, kar1-1 ��0� Perez-Martinez et al. (2003)
NB40-36a MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52 ���� Perez-Martinez et al. (2003)
SB7 MAT�, ade2, ura3�, MSS51::3xHA ���� Perez-Martinez et al. (2003)
TF258 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3xMYC ���� This study
TF259 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3xMYC ��� cox1�� This study
TF266 MAT�, ura3, leu2-3,112, lys2, his4-519, MSS51::3xHA, COX14::3xMYC ���, cox2-N15I� This study
XPM10b MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52 ���, cox1�::ARG8m� (Perez-Martinez et al., 2003)
XPM34 MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52 ���, cox2-N15I� This study
XPM63a MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52, mss51�::LEU2 ���, cox1�::ARG8m� (Perez-Martinez et al., 2003)
XPM270a MAT�, ade2, ura3�, MSS51::3xHA arg8::hisG, ���, cox1�::ARG8m, cox2�::COX1b, COX2� This Study
XPM271a MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52 ���, cox1�::ARG8m-1� This study
XPM275a MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52, mss51�::LEU2 ���, cox1�::ARG8m-1� This study
XPM286 MAT�/MATa, ade2/ADE2, lys2/LYS2, leu2-3,112/LEU2, arg8::hisG/arg8�::URA3, ura3-52/ura3�

���, cox1�::ARG8m�
This study

XPM287 MAT�/MATa, pet309::URA3/PET309, ade2/ADE2, lys2/LYS2, leu2-3,112/LEU2,
arg8::hisG/arg8�::URA3, ura3-52/ura3� ���, cox1�::ARG8m�

This study

XPM288 MAT�/MATa, mss51�::LEU2/MSS51, ade2/ADE2, lys2/LYS2, leu2-3,112/LEU2,
arg8::hisG/arg8�::URA3, ura3-52/ura3� ���, cox1�::ARG8m�

This study

XPM291 MAT�/MATa, mss51�::LEU2/MSS51, pet309::URA3/PET309, ade2/ADE2, lys2/LYS2,
leu2-3,112/LEU2, arg8::hisG/arg8�::URA3, ura3-52/ura3� ���, cox1�::ARG8m�

This study

XPM304b MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52 ���, cox1�::ARG8m-2� This study
XPM312a MAT�, lys2, leu2-3,112, arg8::hisG, ura3-52, mss51�::LEU2 ���, cox1�::ARG8m-2� This study

a All strains are congenic or isogenic to D273-10B, except for NAB69. Mitochondrial genotypes are shown in brackets. ��aI ��bI indicate
intronless mtDNA (Labouesse, 1990).
b Chimeric cox2�::COX1 gene inserted ectopically upstream of COX2 (Perez-Martinez et al., 2003).
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and Pet309 are at or near rate limiting for translational
activation through the COX1 5�-UTR.

A Significant Fraction of Total Mss51-3xMyc Interacts
with Cox1-3xHA
Mick et al. (2007) have shown that affinity purification of
Mss51 from unlabeled wild-type cells yields cytochrome c
oxidase assembly intermediate complexes that contain un-
assembled Cox1. If intermediate complexes containing Cox1
bind a significant fraction of total Mss51, then the levels of
assembly intermediates could affect the availability of rate-
limiting Mss51 for translational activation through the
COX1 mRNA 5�-untranslated leader (UTL). To ask whether
such complexes contain a significant fraction of total cellular
Mss51, we examined the efficiency with which Mss51 would
coimmune precipitate with Cox1 from digitonin solubilized
extracts of mitochondria. We were unable to immune pre-
cipitate Cox1 with the commercially available anti-Cox1 an-
tibody (MS418; MitoSciences). We therefore modified the

COX1 gene in mtDNA by the addition of sequences encod-
ing three HA-epitopes at the Cox1 C terminus (see Materials
and Methods). Otherwise wild-type cells containing this
mtDNA grew normally on nonfermentable carbon sources.
To allow detection of Mss51 in fractions derived from this
strain, we added sequences encoding three Myc-epitopes at
the C terminus of Mss51 without altering sequences flanking
MSS51 (Schneider et al., 1995). These epitopes did not affect
respiratory growth of otherwise wild-type strains.

Mitochondria were isolated from log-phase cells contain-
ing both Cox1-3xHA and Mss51-3xMyc, as well as a control
strain lacking the tag on Cox1, and were solubilized with
digitonin. One-half of each extract was immune precipitated
with anti-HA coupled to agarose beads. Total proteins were
collected from the other half of each extract, and from the
immune supernatants, by precipitation with StrataClean
resin (Stratagene). The precipitated fractions were analyzed
by semiquantitative Western blotting using anti-Myc pri-
mary antibody and fluorescein-labeled secondary antibody.
Signals were detected digitally by phosphorimaging (see
Materials and Methods). The average percent of total of
Mss51-3xMyc recovered in the anti-HA immune precipitates
from four trials was 41% (SD � 22%). One such experiment
is shown in Figure 2A.

The average percentage of total Cox1-3xHA precipitated
by anti-HA was 24% (SD � 10%). This relatively low effi-
ciency of direct immune-precipitation suggests that the three
HA-epitopes may be sterically blocked in a high fraction of
fully assembled cytochrome c oxidase complexes. Thus, the
immune precipitates may be enriched for assembly interme-
diates. These data are consistent with the hypothesis that a
significant fraction of Mss51 may be sequestered with Cox1
in assembly intermediates and thus unavailable for transla-
tional activation through the COX1 mRNA 5�-UTL.

If cytochrome c oxidase assembly is blocked at a step
downstream in the pathway, then the fraction of Mss51-
3xMyc present in assembly intermediates could be higher
than in wild type. We tested this by measuring coimmune
precipitation from a strain lacking MSS2, a nuclear gene
required for export of the Cox2 C-tail domain to the inter-
membrane space (Broadley et al., 2001). However, in this
case the average percentage of Mss51-3xMyc precipitating
with Cox1-3xHA was 50% in four trials (SD � 35%) (Figure
2A), not significantly higher than in wild type. In addition,
the epitope tag apparently stabilized unassembled Cox1 in
the mss2 mutant. Although these data do not provide sup-
porting evidence for increased sequestration of Mss51 with
Cox1 in the assembly defective mutant, it must be noted that
the measurements are inherently imprecise, and the physi-
ologically relevant differences between wild type and mu-
tant could be small.

We also compared wild type to an assembly defective
strain by asking what fraction of total unmodified Cox1
protein would coimmune precipitate with tagged Mss51-
3xHA. Here, we disrupted cytochrome c oxidase assembly
using the mitochondrial cox2-N15I mutation, which prevents
processing of the pre-Cox2 leader peptide (Saracco, 2003).
Solubilized extracts of mitochondria were subjected to im-
mune precipitation with immobilized anti-HA, and the pre-
cipitates were analyzed by Western blotting (Figure 2B).
Owing to the weak immune reaction of the available anti-
Cox1 monoclonal antibody with Cox1, we had to use for the
Westerns an enhanced chemiluminescence detection system
that does not allow quantitative analysis of signal strength.
The steady-state level of Cox1 in extracts of COX2 mitochon-
dria was far higher than that in the cox2-N15I mutant ex-
tracts, as expected. We therefore overexposed the anti-Cox1

Figure 1. Mss51 acts on the COX1 mRNA 5�-UTR and is rate
limiting, along with Pet309, for mRNA translation. (A) Cells grown
in liquid YPD were spotted on CSM raffinose medium containing
(�Arg) or lacking (	Arg) arginine and incubated for 4 d at 30°C.
The cells contained cox1�::ARG8m genes at the COX1 locus in
mtDNA encoding chimeric mRNAs: black bars, COX1 untranslated
regions; stippled bars, COX2 untranslated regions. cox1�::ARG8m

(top diagram) has ARG8m flanked by native COX1 5�- and 3�-UTRs,
with (XPM10b) or without (XPM63a) MSS51. cox1�::ARG8m-1 (mid-
dle diagram) has ARG8m flanked by the native COX1 5�-UTR, and
the COX2 3�-UTR (525 base pairs of COX1 downstream sequence
replaced by 118 base pairs of COX2 downstream sequence) with
(XPM271a) or without (XPM275a) MSS51. cox1�::ARG8m-2 (bottom
diagram) has ARG8m flanked by the COX2 5�-UTR (505 base pairs of
COX1 upstream sequence replaced by 73 base pairs of COX2 up-
stream sequence), and the native COX1 3�-UTR with (XPM304b) or
without (XPM312a) MSS51. (B) Diploid cells containing the
cox1�::ARG8m reporter in mtDNA were grown in liquid YPD. Ten-
fold serial dilutions of diploid cells were spotted on CSM glucose
media containing (�Arg) or lacking (	Arg) arginine, and incubated
for 4 d at 30°C. The indicated relevant nuclear genotypes corre-
spond to the following strains (Table 1): wild type, XPM286;
pet309�/PET309, XPM287; mss51�/MSS51, XPM288; and pet309�/
PET309 mss51�/MSS51, XPM291.
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blot from the mutant relative to wild type, to achieve com-
parable signal strength. We also probed the blots with anti-HA
to detect Mss51-3xHA and exposed these wild-type and
mutant blots equally. (It seems that the 3xHA epitope was
partially destroyed by proteolysis during the immune pre-
cipitation, producing multiple bands and apparent incom-
plete recovery of total Mss51-3xHA in the precipitate plus
supernatant fractions.) Importantly, the residual Cox1
present in the cox2-N15I mutant was highly enriched in the
anti-HA immune precipitate (in an epitope-dependent man-
ner), in contrast to wild-type where most of the Cox1, which
is assembled into cytochrome oxidase, remained in the sol-
uble extract after immune precipitation (Figure 2B). Thus,
when assembly was disrupted the steady-state level of Cox1
was greatly reduced, but virtually all of the Cox1 present
was associated with Mss51.

Coimmune Precipitation of Newly Synthesized Cox1 with
Mss51-3xHA Depends upon Cox14
Cox14 is a short mitochondrial protein, encoded in the nu-
cleus, that interacts with newly synthesized Cox1 and with

Mss51 (Barrientos et al., 2004). Cox14 is required for assem-
bly of active cytochrome c oxidase and accumulation of
Cox1, but unlike most other assembly-defective mutants,
cox14 mutants do not exhibit assembly feedback inhibition
of COX1 mRNA translation as judged by pulse labeling
(Barrientos et al., 2004).

Stable interaction of Mss51 with newly synthesized Cox1
could be dependent on Cox14. To test this idea, we asked
whether Cox1, newly synthesized in mitochondria from a
cox14� mutant, would coimmune precipitate with Mss51-
3xHA. Mitochondria were isolated from COX14 and cox14�
strains that contained either wild-type Mss51 or the func-
tional Mss51-3xHA. After mitochondrial translation in the
presence of [35S]methionine and solubilization, anti-HA an-
tibody was added to the mitochondrial lysates and immune
precipitates were analyzed by SDS gel electrophoresis and
autoradiography. Mss51-3xHA selectively coprecipitated
Cox1 from the wild-type COX14 strain but failed to do so
from the cox14� strain (Figure 3), contrary to results re-
ported previously (Barrientos et al., 2004). Probing of a West-
ern blot of these lysates with anti-HA antibody confirmed
that Mss51-3xHA was present in the absence of Cox14.
These results strongly suggest that Cox14 is required for
Mss51 to form complexes with newly synthesized Cox1 that
are stable under our solubilization conditions.

Figure 2. A large fraction of total Mss51-3xMyc coimmune precip-
itates with Cox1-3xHA from mitochondrial extracts. (A) Mitochon-
dria were isolated from three strains that each contained Mss51-
3xMyc encoded by a modified chromosomal MSS51 gene. CAB312
(Cox1) was otherwise wild-type; CAB313 (Cox1-HA) has a modified
intronless mitochondrial COX1 gene encoding Cox1-3xHA; CAB315
(mss2� Cox1-HA) had both Cox1-3xHA and a nuclear mss2� muta-
tion. Mitochondria were solubilized with digitonin. Half of each
extract was analyzed as total protein (Tot). The other half was
subjected to immunoprecipitation with anti-HA antibody, yielding
a precipitate (IP) and supernatant (Sup). The three fractions from
each strain were subjected to SDS gel electrophoresis and Western
blotting with anti-Myc antibody. Immune complexes were visual-
ized by phosphorimaging after reaction with AlexaFluor coupled
anti-mouse-IgG (see Materials and Methods). (B) Mitochondria were
isolated from two strains that contained Mss51-3xHA encoded by a
modified chromosomal MSS51 gene; TF258 (COX2) contained wild-
type mtDNA; TF266 (cox2-N15I) had a missense substitution muta-
tion that prevents processing of the pre-Cox2 precursor. In addition,
the control strain XPM34 contained unmodified Mss51 and the
cox2-N15I mutation. Mitochondria were extracted and subjected to
immune precipitation as described in A. The Western blots were
probed with anti-Cox1 antibody and subsequently with anti-HA
antibody, then visualized by ECL detection (see Materials and Meth-
ods). The cox2-N15I blots probed with anti-Cox1 were overexposed
relative to the others (see text).

Figure 3. The interaction between Mss51 and newly synthesized
Cox1 is greatly reduced in the absence of Cox14. Mitochondria were
purified from four strains whose relevant genotype was either
COX14 or cox14� and contained either Mss51 or Mss51-3xHA, as
indicated. The mitochondria were allowed to synthesize mitochon-
drially coded proteins in the presence of [35S]methionine (see
Materials and Methods) and then solubilized with digitonin. 10% of
the extract was subjected to SDS-PAGE (Total), whereas 90% was
immunoprecipitated with anti-HA antibody and then subjected to
SDS-PAGE (�-HA). The gel was blotted to a nitrocellulose mem-
brane, which was autoradiographed (top). Labeled translation prod-
ucts are indicated as follows: cytochrome c oxidase subunit 1, Cox1;
subunit 2, Cox2; subunit 3, Cox3; cytochrome b, Cytb; subunit 6 of
ATPase, Atp6; subunit 8, Atp8; subunit 9, Atp9; and the ribosomal
protein, Var1. After autoradiography, the membrane was probed
with anti-HA antibody and visualized by ECL detection to confirm
precipitation of Mss51-3xHA (bottom). The strains, from left to
right, were DAU1, SB7, CAB268, and CAB267 (see Table 1).
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It is impossible to test reciprocally whether the interaction
of Cox14 with newly synthesized Cox1 depends upon
Mss51, because in the absence of Mss51, Cox1 cannot be
synthesized.

Interaction between Mss51 and Cox14 Depends upon Cox1
Synthesis
Mss51 and Cox14 have been shown by coimmunoprecipita-
tion to interact physically (Barrientos et al., 2004). These
nuclearly coded proteins could interact in a stable complex,
or associate dynamically in response to synthesis of mito-
chondrially encoded Cox1. We first tested this by construct-
ing strains containing Mss51-3xHA and Cox14-3xMyc, with
either wild-type mtDNA, or mtDNA bearing a cox1� muta-
tion that eliminates the coding sequence, as well as 787 base
pairs of upstream, and 525 base pairs of downstream se-
quence. Mitochondria were isolated from both strains and
solubilized with digitonin. The soluble extracts were immu-
noprecipitated with an anti-HA antibody, and the precipi-
tates were analyzed by Western blot probed with both anti-HA
and anti-Myc (Figure 4A). As expected, Mss51-3xHA coim-
munoprecipitated Cox14-3xMyc from the extract of the
COX1 mitochondria. However, Cox14-3xMyc was not co-
precipitated from the extract of the cox1� mitochondria.

To ask whether the Cox1 protein or the COX1 mRNA was
necessary for the interaction between Mss51-3xHA and
Cox14-3xMyc, we tested for coimmunoprecipitation in a
pet309� strain whose mtDNA does not contain introns.
Strains of this genotype contain near wild-type levels of
mature COX1 mRNA but do not translate it (Manthey and
McEwen, 1995). Consistent with the hypothesis that Cox1
synthesis is necessary for the interaction between Mss51 and

Cox14, the pet309� mutation prevented coimmune precipi-
tation of Cox14-3xMyc by Mss51-3xHA (Figure 4B). As a
control, we tested whether a cbs2� mutation, which pro-
duces a respiratory negative phenotype by specifically pre-
venting translation of apo-cytochrome b from the COB
mRNA (Rödel, 1986), would prevent the Mss51–Cox14 in-
teraction. It did not, confirming the specific requirement for
Cox1 synthesis of the Mss51–Cox14 interaction (Figure 4B).

Mss51 Can Interact with Newly Synthesized Cox1 and
with Cox14 Independently of the COX1 mRNA 5�-UTR
Cox1 protein can be synthesized and assembled into func-
tional cytochrome oxidase from a chimeric mRNA bearing
the COX1 coding sequence flanked by COX2 5�- and 3�-
UTRs, transcribed from an ectopic cox2�::COX1 locus in
mtDNA. Translation of this chimeric mRNA is reduced rel-
ative to wild type, but nevertheless dependent upon MSS51
function, demonstrating a second function for Mss51 pro-
tein, distinct from its interaction with the COX1 mRNA
5�-UTR (Perez-Martinez et al., 2003). If the interaction be-
tween Mss51 and newly synthesized Cox1 corresponds to
this second function, then this physical interaction also
should be independent of the COX1 5�-UTR on the mRNA.
To test this, we radiolabeled newly synthesized Cox1 in
mitochondria isolated from strains containing Mss51-3xHA
and either the COX1 gene in wild-type mtDNA, or the
ectopic cox2�::COX1 locus in mtDNA with cox1�::ARG8m at
the COX1 locus. After solubilization with digitonin and
addition of anti-HA antibody, immune precipitates were
isolated and analyzed by SDS gel electrophoresis and auto-
radiography of a gel-blot (Figure 5A). Newly synthesized
radiolabeled Cox1 was selectively precipitated with Mss51-
3xHA from extracts of mitochondria bearing either the wild-
type COX1 mRNA or the chimeric cox2�::COX1 mRNA,
demonstrating that the Mss51-Cox1 physical interaction
does not require the COX1 mRNA 5�-UTR in cis to the
coding sequence. As a further control, we also probed the
blot with anti-Arg8 antibody. As expected, no coimmune
precipitation of Arg8 protein with Mss51-3xHA was detect-
able despite its translation from an mRNA bearing the COX1
mRNA 5�-UTL (Figure 5B).

We also tested by coimmune precipitation whether the
Cox1-translation-dependent interaction between Mss51 and
Cox14 requires prior interaction of Mss51 with the COX1
mRNA 5�-UTR. Cox14-3xMyc was coprecipitated with Mss51-
3xHA from extracts of mitochondria containing the chimeric
cox2�::COX1 mRNA, albeit at lower efficiency than from
mitochondria with the wild-type COX1 mRNA (Figure 5C).
Thus, the interaction between Mss51 and Cox14 can occur in
the absence of the COX1 mRNA 5�-UTR in cis to the coding
sequence. The lower efficiency of Cox14 coprecipitation may
reflect the lower level of Cox1 synthesis observed from the
chimeric mRNA (Perez-Martinez et al., 2003).

DISCUSSION

Mss51 has functional interactions with both the COX1
mRNA and with newly synthesized unassembled Cox1 pro-
tein. Its involvement in both gene regulation and assembly
of the protein whose synthesis it regulates suggests a role for
Mss51 in homeostatic coupling of Cox1 synthesis to its as-
sembly into cytochrome c oxidase (Perez-Martinez et al.,
2003). Our data strongly support this hypothesis.

By manipulation of the mtDNA sequences flanking the
COX1 coding sequences in rho� mtDNA, we genetically
mapped the Mss51 target in the COX1 mRNA to the 5�-UTR.
This A�U-rich 450 nucleotide mRNA leader also contains

Figure 4. Cox1 synthesis is necessary for the interaction between
Mss51 and Cox14. (A) Mitochondria were purified from cells con-
taining Mss51-3xHA and Cox14-3xMyc, and either wild-type
mtDNA (COX1) or a cox1 deletion (cox1�) in mtDNA (strains TF258
and TF259). The mitochondria were solubilized with digitonin and
the extracts were incubated with anti-HA antibody (�HA). The
precipitates were analyzed by Western blot probed with anti-Myc
and anti-HA antibodies. The total fractions (T) corresponds to 10%
of the mitochondrial extract, the �HA precipitates were from the
remaining 90%. (B) Mitochondria were purified from cells containing
Mss51-3xHA, Cox14-3xMyc, and intronless mtDNA, that were other-
wise wild type (Wild-type), pet309::URA3 (pet309), or cbs2::URA3 (cbs2)
(strains CAB300, CAB302, and CAB306). Analysis was as de-
scribed in A.
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the target of the COX1 mRNA-specific translational activator
Pet309 (Manthey and McEwen, 1995). Although neither of
these targets have been further localized genetically, the
downstream 245 nucleotides of the COX1 mRNA 5�-UTR
interact in a yeast three-hybrid assay with an N-terminal
portion of Mss51 (but not full-length Mss51), suggesting that
the biological target of Mss51 is relatively close to the pro-
tein coding sequence (Zambrano et al., 2007). Although the
mechanism(s) by which these, and other, mitochondrial
translational activators function is unknown, it is interesting
to note the overall similarities to the control of cytoplasmic
translation of mRNAs bearing internal ribosome entry sites
(IRES) in their 5�-UTRs by IRES-transacting factors (Komar
and Hatzoglou, 2005).

mRNA-specific translational activation is known to be rate
limiting for expression of reporter genes inserted into the
COX2 and COX3 mitochondrial loci in yeast (Steele et al.,
1996; Cohen and Fox, 2001; Green-Willms et al., 2001), and
we found that PET309 gene dosage is similarly limiting for
expression of COX1. Interestingly, Mss51 is approximately
fourfold more abundant than Pet309 in S288c-related cells
grown on glucose (Ghaemmaghami et al., 2003) and approx-

imately eightfold more abundant in D273–10B-related cells
grown on raffinose (unpublished data). Despite this relative
abundance of Mss51, we nevertheless detected reduced ex-
pression of the ARG8m reporter inserted into the COX1 locus
in diploid cells containing a single MSS51 nuclear gene,
relative to homozygous wild-type diploids. Thus, Mss51 is
present at levels that are near rate limiting for translational
activation of the COX1 mRNA, consistent with the possibil-
ity that it has a role in regulating the level of Cox1 synthesis
in mitochondria. Reduced gene dosage of both PET309 and
MSS51 together had a stronger negative effect on reporter
gene expression than reduced dosage of either alone. This
suggests that when both Mss51 and Pet309 levels are low-
ered, relatively few mRNAs are simultaneously occupied by
both necessary factors. However, this result does not distin-
guish whether the Mss51 and Pet309 have distinct functions
in 5�-UTR–dependent translational activation, or work to-
gether to execute a single activity.

Barrientos et al. (2004) observed that that the synthesis of
Cox1 within mitochondria, as measured by pulse labeling in
vivo, was reduced in several mutant strains unable to as-
semble cytochrome c oxidase. However, this assembly–feed-
back regulation was not observed in assembly-defective
cox14 mutants, nor in double mutants lacking both COX14
and other genes necessary for assembly. Thus, the 70-amino
acid Cox14 protein is required both for assembly and for
feedback regulation. Furthermore, Cox14 coprecipitated
with both newly synthesized Cox1 and with Mss51. Based
on these data, Barrientos et al. (2004) proposed that reduced
synthesis of Cox1 in most assembly-defective mutants could
be due to Cox14-dependent sequestration of Mss51 in as-
sembly intermediates, although they reported that the asso-
ciation of Mss51 with newly synthesized Cox1 was not
dependent upon Cox14.

Our findings, together with those of previous studies,
support sequestration of Mss51 in early assembly interme-
diates as a mechanism for coupling Cox1 synthesis and
assembly, in a sequence of events depicted in Figure 6. First,
on the inner surface of the inner membrane (Siep et al., 2000;
Tavares-Carreon et al., 2008) Mss51 and Pet309 activate
translation of the COX1 mRNA (Manthey and McEwen,
1995; Perez-Martinez et al., 2003) through functional interac-
tions with a site or sites in its 5�-UTR. Here, it is important
to note that the levels of both Pet309 and Mss51 are at or
near rate limiting for translational activation of chimeric
COX1 mRNA encoding the reporter ARG8m. Thus, this is
likely to be a point of regulation for Cox1 synthesis, as well
as its localization (Naithani et al., 2003).

Second, as the completed or nearly completed Cox1
polypeptide emerges, it interacts with Mss51 (Figure 6, step
2). This step is inferred from the fact that Mss51 is required
for Cox1 synthesis even when the COX2-mRNA specific
translational activator Pet111 carries out the upstream acti-
vation function on a COX2 mRNA 5�-UTR fused to the COX1
coding sequence in a chimeric mRNA (Perez-Martinez et al.,
2003). It presumably precedes involvement of Cox14, be-
cause Cox1 synthesis is robust in cox14� mutants (Barrientos
et al., 2004). This inferred interaction must be weak because
we did not detect coimmune precipitation of Cox1 with
Mss51 from solubilized extracts in the absence of Cox14
(Figure 3). The role of Mss51 at this step is unknown.
However, it may function by antagonizing a late Cox1
translation elongation arrest, a regulatory mechanism that
has been documented in bacteria (Perez-Martinez et al.,
2003; Woolhead et al., 2006).

Third, a complex containing at least Mss51 and Cox14
assembles dynamically with newly synthesized Cox1 (Fig-

Figure 5. Mss51 interaction with newly synthesized Cox1 is not
dependent on the COX1 mRNA UTRs. (A) Mitochondria were
purified from two strains containing Mss51-3xHA, with either wild-
type mtDNA (SB7) or modified mtDNA bearing the cox1�::ARG8m

deletion and cox2�::COX1, an ectopic chimeric gene encoding an
mRNA with the COX1 codons flanked by COX2 5�- and 3�-UTRs
(XPM270a). The mitochondria were allowed to synthesize labeled
proteins, and Total and �-HA precipitated proteins from wild-type
(COX1) and the ectopic chimeric (cox2�::COX1) mRNAs were ana-
lyzed as described in the experiment in Figure 3. The third lane in
each series had twice the amount of mitochondria (700 �g), as
indicated. (B) After autoradiography, the membrane was probed
with anti-Arg8 antibody and visualized by ECL detection. (C) Ex-
tracts of unlabeled mitochondria from strains containing Mss51-
3xHA and Cox14-3xMyc, and either wild-type mtDNA (COX1)
(TF258) or modified mtDNA the encoding the ectopic chimeric
mRNA with COX1 codons flanked by COX2 5�- and 3�-UTRs
(CAB299) were analyzed by immune precipitation and Western blot
as described in Figure 4.
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ure 6, step 3). It is possible that Mss51 molecules interacting
with the COX1 mRNA 5�-UTR normally transit in cis directly
to a nascent Cox1 polypeptide translated from that mRNA
molecule. This would generate a requirement for another
Mss51 molecule to interact with the COX1 mRNA to activate
the next round of translation. However, we found that
Mss51 does interact physically with newly synthesized Cox1
translated from the chimeric COX1 mRNA bearing the
COX2 mRNA 5�-UTR. Thus, Mss51 is capable of binding to
nascent Cox1 (and to Cox14) in the absence of a COX1
mRNA 5�-UTR in cis to the coding sequence. The Cox1–
Mss51–Cox14 complex may also contain the assembly factor
Coa1 (Pierrel et al., 2007), not depicted in Figure 6.

The interaction between Mss51 and Cox14 must be
bridged dynamically by newly synthesized Cox1, because
Mss51 and Cox14 do not coimmune precipitate from extracts
of mitochondria from either cox1� mutant, or a pet309 mu-
tant, that specifically fail to synthesize Cox1. This finding is
consistent with the observation of high molecular weight
complexes containing Mss51 that are absent after treatment
of wild-type cells with chloramphenicol or in a pet309 mu-
tant (Pierrel et al., 2008). The assembly intermediate com-
plex(es) containing Mss51, Cox14 and newly synthesized
Cox1 contain roughly half of total Mss51, based on our
coimmune precipitation with epitope-tagged Cox1. This
finding is consistent with the observation that 
50% of
Mss51 is associated with Cox14 (Barrientos et al., 2004).

Interestingly, these complexes seem to contain �0.1% of
total cellular Cox1 based on data reported by Mick et al.
(2007), indicating a significant pool of Cox1 is present in
early assembly intermediates containing Mss51.

Fourth, Shy1 associates with Cox1-containing complexes,
probably after Mss51, Cox14, and Coa1, although the evi-
dence for this order is not conclusive (Figure 6, step 4) (Mick
et al., 2007; Pierrel et al., 2007). Both Shy1 and Cox14 are
associated physically with Mss51, with downstream assem-
bly intermediates lacking Mss51, and with fully assembled
respiratory supercomplexes containing active cytochrome c
oxidase (complex IV) and the cytochrome bc1 complex (com-
plex III) (Mick et al., 2007). We found that a cox1 deletion
mutation in mtDNA prevented coimmune precipitation of
Shy1 with Mss51 (unpublished data), consistent with the
dynamic assembly of Shy1-containing complexes nucleated
by newly synthesized Cox1. Mutations inactivating Shy1 in
yeast, and its orthologues in humans and bacteria, decrease
but do not eliminate cytochrome c oxidase activity, appar-
ently by decreasing the efficiency of heme a3 insertion into
Cox1 (Smith et al., 2005; Khalimonchuk et al., 2007; Bundschuh
et al., 2008; Pierrel et al., 2008). Interestingly, respiratory
growth of a yeast shy1� mutant is improved by dominant
suppressor mutations in MSS51 and by overexpression of
wild-type MSS51 (Barrientos et al., 2002).

Finally, Cox1-containing assembly intermediates that re-
tain Cox14 and Shy1 but not Mss51 proceed toward further
assembly by insertion of metal ions and heme a moieties into
Cox1, and association of additional enzyme subunits (Mick
et al., 2007; Pierrel et al., 2007; Khalimonchuk and Winge,
2008; Barrientos et al., 2009). At this step, Mss51 is released
from the assembly pathway and available to activate ad-
ditional rounds of COX1 mRNA translation (Figure 6,
steps 5 and 6).

Sequestration of Mss51 in early complexes formed during
the assembly process could cause decreased COX1 mRNA
translation if the early complexes over accumulate due to
downstream blocks in assembly, as proposed previously
(Barrientos et al., 2004). Our data support this model by
showing that Mss51 levels can limit COX1 mRNA transla-
tion and that a significant fraction of cellular Mss51 is asso-
ciated with early assembly complexes containing Cox1. Fur-
thermore, our data explain why mutations eliminating
Cox14 do not prevent Cox1 synthesis, despite preventing
cytochrome c oxidase assembly: Mss51 is not stably associ-
ated with newly synthesized Cox1 in the absence of Cox14
and therefore remains available to activate futile synthesis of
Cox1. However, the Cox1 produced in the absence of Cox14
is highly unstable and present at lower steady-state levels
than those observed in mutants blocked further downstream
in the assembly process (Barrientos et al., 2004). This feed-
back system, observed in mutants, may reflect a mechanism
that normally coordinates the level of newly synthesized
Cox1 with the levels of assembly factors in wild-type cells
and thereby helps to protect against oxidative damage
(Khalimonchuk et al., 2007).

In contrast to expectation, we did not observe a significant
increase in the fraction of total Mss51-3xMyc coprecipitated
with Cox1-3xHA when cytochrome c oxidase assembly was
blocked by a nuclear mss2� (Broadley et al., 2001) mutation.
However, the available methodology for quantifying these
solubilized coprecipitated complexes is not highly accurate,
and the physiologically relevant differences may not be
great. Furthermore, we cannot determine whether the pres-
ence of epitope tags exerts subtle effects on the behavior of
these proteins. Thus, these data do not argue strongly
against the model. When we compared wild type with an

Figure 6. Dual activities of Mss51, and the stabilization of Mss51–
Cox1 interaction by Cox14, couple Cox1 synthesis to assembly (see
Discussion). 1) Mss51 and Pet309 activate COX1 mRNA through the
5�-UTR. 2) Mss51 interacts with newly synthesized Cox1 and allows
completed translation through an unknown mechanism (Perez-
Martinez et al., 2003). 3) Cox14 enters a complex that stabilizes the
binding of Mss51 to newly synthesized Cox1. 4) Shy1 associates
with the complex shown in 3 and facilitates dissociation of an early
assembly intermediate (5) and Mss51 (6). Released Mss51 is avail-
able to activate another round of COX1 mRNA translation. Not
shown: the protein Coa1 enters the pathway in step 3 or 4 (Pierrel et
al., 2007), and Coa2 enters the assembly complex downstream of
step 4 (Pierrel et al., 2008). Cox14 and Shy1 remain associated with
assembled cytochrome oxidase supercomplexes (Mick et al., 2007).
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assembly defective mitochondrial cox2 mutant (Saracco,
2003) for the fraction of total unmodified Cox1 coprecipi-
tated with Mss51-3xHA, we observed a dramatic difference.
In contrast to wild type, virtually all of the Cox1 present in
the mutant was associated with Mss51, consistent with the
idea that early assembly intermediates containing Mss51
and Cox1 accumulate when assembly is blocked.

Mutants lacking the assembly factor Coa1 seem to resem-
ble cox14� mutants insofar as they exhibit normal pulse
labeling of Cox1 (Mick et al., 2007; Pierrel et al., 2007, 2008).
However, in contrast to the tight respiratory negative phe-
notype of cox14� mutants, coa1� mutants exhibit low levels
of respiration (Pierrel et al., 2007) and weak growth on
nonfermentable carbon sources (Mick et al., 2007). In these
respects, and their suppressibility by over expressed MSS51,
the coa1� and shy1� mutations are similar (Barrientos et al.,
2002; Pierrel et al., 2007). Furthermore, coa1� does not dis-
rupt the interaction between Mss51 and Cox14 (Pierrel et al.,
2007). Thus, Coa1 is probably not required for the interac-
tion between Mss51 and newly synthesized Cox1 but could
reinforce it. Robust Cox1 synthesis in the coa1� mutant may
depend on the low level of cytochrome c oxidase assembly
that takes place in its absence.

Photosynthetic complexes are composed of protein sub-
units encoded by genes in both chloroplast and nuclear
DNA, analogously to mitochondrial respiratory complexes.
In Chlamydomonas reinhardtii, translation of chloroplast en-
coded mRNAs specifying certain key subunits of photosys-
tem I, photosystem II, and the cytochrome b6f complex has
been shown to be coupled to the assembly of those com-
plexes (Choquet and Wollman, 2002). In each case, regula-
tion of translation by assembly was dependent upon the
5�-UTRs of the chloroplast encoded mRNAs (Choquet et al.,
1998; Wostrikoff et al., 2004; Minai et al., 2006). In the case of
cytochrome f synthesis, assembly feedback regulation de-
pends upon C-terminal residues of cytochrome f itself,
which is hypothesized to interact with an effector protein
that directly regulates translation (Choquet et al., 2003).
These findings suggest that mRNA-specific coupling of or-
ganellar translation to the assembly of energy transducing
complexes may be widespread in eukaryotes, and raise in-
teresting questions about how such regulation could be
achieved in mammalian mitochondria whose mRNAs lack
5�-UTRs.
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