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Mitochondrial cytochrome oxidase (COX) catalyzes the last
step in the respiratory pathway. In the yeast Saccharomyces
cerevisiae, this inner membrane complex is composed of 11 pro-
tein subunits. Expression of COX is assisted by some two dozen
ancillary proteins that intercede at different stages of the
assembly pathway. One such protein, Cox16p, encoded by
COX16, was shown to be essential for the activity and assembly
of COX. The function of Cox16p, however, has not been deter-
mined. We present evidence that Cox16p is present in Cox1p
assembly intermediates and in COX. This is based on the finding
that Cox16p, tagged with a dual polyhistidine and protein C tag,
co-immunopurified with Cox1p assembly intermediates. The
pulldown assays also indicated the presence of Cox16p in
mature COX and in supercomplexes consisting of COX and the
bc1 complex. From the Western signal strengths, Cox16p
appears to be substoichiometric with Cox1p and Cox4p, which
could indicate that Cox16p is only present in a fraction of COX.
In conclusion, our results indicate that Cox16p is a constituent
of several Cox1p assembly intermediates and of COX.

Cytochrome oxidase (COX)2 is a hetero-oligomeric complex
of the mitochondrial inner membrane that catalyzes the last
step of the respiratory pathway by oxidizing ferrocytochrome c
and reducing molecular oxygen to water. The structures and
spatial organization of the 13 subunits of bovine COX have
been determined from its crystal structure (1). COX of Saccha-
romyces cerevisiae has been determined to consist of 11 sub-
units that are homologous to their bovine counterparts (Table
1). Two of the bovine subunits, however, are absent in the com-
plex of S. cerevisiae and from genomic data do not appear to
have homologues in this yeast. The catalytic core of COX con-
sists of Cox1p, Cox2p, and Cox3p that are derived from mito-
chondrial genes in yeast and in mammalian organisms. All the
other subunits of the complex are encoded by nuclear genes.
With a few exceptions, the non-catalytic subunits of yeast have
been shown to be essential for COX assembly (Table 1).
Recently, a new low-molecular-weight protein, Cox26p (2, 3),

was reported to be associated with yeast COX in the supercom-
plexes. This subunit encoded by COX26 does not affect biogen-
esis of COX. A knock-out of the gene affects enzyme activity
only when cells are exposed to high temperature (2).

Biogenesis of COX depends on a large number of accessory
proteins with functions in translation of COX-specific mitochon-
drial mRNAs (4–6), membrane insertion and processing of
Cox2p (7, 8), regulation of Cox1p translation (9–13), insertion of
heme A and copper (14, 15), and proteins such as Cox16p (16) with
still uncharacterized functions. Cox16p is a low-molecular-weight
protein present in all fungi, insect, and mammalian mitochondria
where it is a component of the inner membrane. It is essential for
COX assembly and hence activity. Mutations in the yeast COX16
gene elicit a phenotype characteristic of other COX mutants, high-
lighted by the absence of enzyme activity and cytochromes a and
a3 and extensive proteolysis of the catalytic core subunits (16). To
further probe the function of Cox16p, we have tested whether it is
a component of the Cox1p module, a well studied precursor of
cytochrome oxidase (10, 12, 13, 17–19). The results presented here
indicate that Cox16p is a constituent of several Cox1p assembly
intermediates and of COX.

Results

Cox16p is associated with the Cox1p module

The presence of Cox16p in the Cox1p module was assessed
in a strain of yeast (W303/COX16-CH) expressing Cox16p
with a C-terminal double tag consisting of the protein C epitope
followed by polyhistidine (CH). W303/COX16-CH grew as well
as the parental wild type strain on non-fermentable carbon
sources (Fig. 1A), indicating that the presence of the tag (Fig.
1B) did not significantly affect the function of Cox16p. In-gel
assays of COX activity were also consistent with a full measure
of active enzyme in the strain expressing tagged COX16 (Fig.
1C). Other strains used in this study expressing different sub-
units of COX tagged with HAC (hemagglutinin followed by the
protein A tag) at their C terminus (Table 2) grew as well as the
wild type on non-fermentable carbon sources.

Mitochondria of W303/COX16-CH were isolated from cells
grown in galactose with and without an additional 2 h of growth
in medium containing chloramphenicol. The chloramphenicol
treatment has been shown in other studies to enhance transla-
tion of some mitochondrial gene products (20), presumably as a
result of the increased pools of nuclear gene products needed
for assembly of respiratory and ATP synthase complexes. Mito-
chondria were pulse-labeled with [35S]methionine plus cys-
teine, extracted with digitonin and the CH-tagged Cox16p in
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the digitonin extract purified on protein C antibody beads.
Analysis of the digitonin extracts by SDS-PAGE indicated a
small increase in incorporation of the radioactive precursors
into Cox1p of mitochondria isolated from chloramphenicol-
treated cells. Consistent with prior results, the chlorampheni-
col incubation substantially increased translation of cyto-

chrome b and Atp9p (Fig. 2A). The increase in translation of
cytochrome b and Cox1p in mitochondria of chloramphenicol-
treated cells was also evident in the SDS gel of the fractions
containing affinity-purified Cox16p-CH (Fig. 2A).

BN-PAGE analysis of affinity-purified Cox16p-CH revealed
a dramatic increase in co-immunoadsorption of newly assem-
bled supercomplexes as a result of the chloramphenicol incu-
bation. The chloramphenicol treatment led to an increase in
radiolabeled material that migrated between the 480- and 242-
kDa markers (Fig. 2B). This region was previously shown to
contain the D3 and D4 assembly intermediates of Cox1p (13,
21). Two-dimensional electrophoresis of the Cox16-CH en-
riched fraction confirmed a large increase of labeled Cox1p in the
region corresponding to the D3 and D4 assembly intermediates of
COX (Fig. 2C). Thus, most of the radioactivity between the 242-
and 480-kDa markers migrated as Cox1p following depolymeriza-
tion and separation in the second dimension by SDS-PAGE (Fig.
2C). These results indicate that Cox16p is a component of the
Cox1p module (13, 21). The two-dimensional gels also revealed a
large chloramphenicol-induced increase of radiolabeled cyto-
chrome b in the supercomplexes (Fig. 2C).

Cox16p is associated with COX and the supercomplexes

The observation that the supercomplexes are pulled down
with Cox16p-CH suggested that it may be associated with
COX. This was borne out by Western analysis of the fraction
affinity-purified on the protein C antibody beads. The fraction
eluted from the beads was separated by BN-PAGE and visual-
ized with protein C antibody. The blot indicated the presence of
Cox16p in COX and the supercomplexes (Figs. 2B and 3, A and
B). The concentrations of the radiolabeled D3 and D4 interme-
diates are detected as radiolabeled proteins, but their concen-
trations are too low to be detected immunochemically, even
after a long exposure to X-ray film.

Cox16-CH also pulls down COX when it is not part of the
supercomplexes. This was shown by introducing a null cbp3
allele into the strain containing Cox16p with the CH tag.
(W303�CBP3/COX16-CH). The cbp3 mutant lacks the bc1
complex because Cbp3p is required for expression of cyto-
chrome b (22, 23). The absence of the bc1 complex resulted in a
higher accumulation of radiolabeled COX and Cox1 interme-
diates (Fig. 3C). As expected, in the absence of the bc1 complex,
all the COX migrated as a dimer. The antibody signal of COX in
the bc1 mutant was comparable with that of COX in the super-
complexes of the strain expressing the bc1 complex (Fig. 3C).

The presence of Cox16p in COX was also was confirmed by
purifying the enzyme from strains that express Cox16p with a
CH tag. As a control, COX was also purified from a strain
expressing Cox1p with a double HA and protein C tag (Cox1p-
HAC). COX was extracted from mitochondria with lauryl
maltoside or with digitonin and purified on protein C antibody
beads. Proteins were separated by SDS-PAGE under conditions
that resolve low-molecular-weight proteins (24). In contrast to
digitonin, lauryl maltoside dissociates the supercomplexes. The
silver-stained gel indicated that the major proteins purified
from the lauryl maltoside extract corresponded to known sub-
units of COX, although there were some contaminating pro-
teins in the high molecular weight region of the gel (Fig. 4A).

Table 1
Relationship of bovine and yeast cytochrome oxidase subunits

Bovine
subunit

Yeast
subunit

Yeast
gene Subunit contacta Activityb Assemblyc

I 1 COX1 2, 3, 4, 5a � �
II 2 COX2 1, 6b, 7a � �
III 3 COX3 1, 4, 7, 5a, 6b � �
IV 5a COX5a 1, 6 � �
Va 6 COX6 5a, 7a � �
Vb 4 COX4 1, 3 � �
VIa 6a COX13 3 � �/�
VIb 6b COX12 2, 3 �/� �
VIc 7a COX9 2, 6 � �
VIIa 7 COX7 3 � �
VIIb
VIIc 8 COX8 1 � �
VIII

a The subunit contacts are those reported for bovine COX (1).
b The presence (�) or absence (�) of COX activity is based on the ability of iso-

lated yeast mitochondria to catalyze cyanide sensitive oxidation of ferrocyto-
chrome c.

c The failure of COX subunits to assemble in the absence of a subunit is indicated
as �. Normal levels of assembled COX are indicated by �, and reduced levels
are indicated by �/�.

Figure 1. Properties of strains expressing COX16-CH. A, the indicated
strains were serially diluted and spotted on YPD (rich glucose) and YEPG (rich
ethanol plus glycerol) plates. The photograph was taken after 2 days of
growth at 30 °C. B, mitochondria (50 �g of protein) prepared from W303/
COX16-CH and the parental strain W303-1B were separated by SDS-PAGE on
a 12% polyacrylamide gel. The blot was first reacted with a polyclonal anti-
body to the protein C tag followed by a second anti-rabbit antibody coupled
to peroxidase. Proteins were detected with SuperSignal chemiluminescent
substrate kit (Pierce). C, mitochondria (500 �g of protein) from the indicated
strains were extracted with digitonin, purified on protein C antibody beads,
and separated by BN-PAGE on a 4 –13% polyacrylamide gel. The gel was
stained for COX activity as described previously (13).
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The purified fraction obtained from the digitonin extract
contained additional proteins, which are probably subunits of
the bc1 complex because this detergent does not dissociated the
yeast supercomplexes. No attempt was made to identify the

extra bands in the digitonin extract that co-purify with either
Cox1p-HAC or Cox16p-CH. The only significant difference
between the enzyme pulled down with the tagged Cox1p and
Cox16p was the presence in the former of a protein of �18 kDa

Table 2
Genotypes and sources of S. cerevisiae strains

PRIVATE strain Genotype mtDNA Source

W303-1A MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 �� a

W303-1B MAT� ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 �� a

MRSIo/COX1-HAC MAT� ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 Intronless mtDNA with
COX1-HAC

Ref. 13

W303/COX4-HAC MAT� ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox4:: URA3 trp1::COX4-HAC � � Ref. 13
W303/COX5-HAC MAT� ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox5:: URA3 trp1::COX5-HAC � � Ref. 13
W303/COX6-HAC MAT� ade2-1 his3-1,15 leu2--3,112 trp1-1 ura3-1 cox6:: URA3 trp1::COX6-HAC � � Ref. 13
aW303/COX16-CH MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox16:: URA3 trp1::pG22/ST13 � � This study
W303/COX16-CH MAT� ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox16:: URA3 trp1::pG22/ST13 � � This study
W303�CBP3/COX16-CH MAT� ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox16:: URA3 cbp3:: HIS3 trp1::pG22/ST13 � � This study
aW303�COX16/COX1-HAC MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox16::URA3 Intronless mtDNA with

COX1-HAC
This study

a R. Rothstein, Department of Human Genetics and Development, Columbia University.

Figure 2. Cox16p is a constituent of the Cox1p module. A, mitochondria were prepared from the wild-type W303-1B and aW303/COX16-CH expressing
COX16-CH. The latter strain was grown with and without a terminal 2-h growth in the presence of chloramphenicol (CAP). Mitochondria (250 �g of protein)
were labeled with [35S]methionine plus [35S]cysteine for 20 min, extracted with digitonin, and purified on protein C beads as described under “Experimental
procedures.” The eluate (10%) was separated by SDS-PAGE on a 12% polyacrylamide gel. The radiolabeled mitochondrial gene products were transferred to a
PVDF membrane and exposed to X-ray film. B, BN-PAGE of 30% of the eluates obtained in A were separated on a 4 –13% polyacrylamide gel. The positions of
the COX intermediates with Cox1p (D2, D3, and D4) are marked in the margin. C, the remaining 60% of the eluate in A was separated in the first dimension by
BN-PAGE on a 4 –13% polyacrylamide gel, followed by SDS-PAGE on a 12% polyacrylamide gel in the second dimension. The increase in incorporation of
radiolabel by mitochondria as a result of the chloramphenicol treatment is seen in increased translation of cytochrome b and Cox1 intermediates D2–D4. The
identity of the radioactive band labeled with an asterisk was not studied.
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(Fig. 4A). This protein was absent in COX purified recovered in
the Cox16p-CH pulldown (Fig. 4A). This protein was identified
as Hsp10p by mass spectrometry. The failure of tagged Cox16p
to pull down Hsp10p suggests that that different assembly
intermediates may exist, some of which contain Cox1p and
Hsp10p but not Cox16p.

Alignment of a silver and antibody-stained gel revealed that
the antibody detected Cox16p-CH at the position of Cox5p
(Fig. 4B). In the absence of an antibody to Cox16p, it was not
possible to determine the position of the untagged protein.
However, assuming that the tag on Cox16p elicits a shift in its
migration similar to that observed for Cox4p, Cox5p, and
Cox6p, untagged Cox16p would be expected to migrate in the

region of Cox 6p. This is supported by the silver-stained gel of
COX purified from a strain expressing Cox16-CH. The upward
shift in the migration of Cox16p-CH elicits an increase in stain-
ing at the position of Cox4p and Cox5p with a concomitant
decrease but not complete disappearance of stain at the posi-
tion of Cox6p (third lane in Fig. 4C). The remaining stain at the
position of Cox6p in this strain is probably Cox16p. The strain
expressing Cox16p-CH also showed a decrease of silver stain-
ing at the position of Cox6 (last lane in Fig. 4C). The silver-
stained band remaining in this strain is probably Cox6p.

Discussion

COX is a hetero-oligomeric member of bacterial and mito-
chondrial respiratory chains. X-ray crystallography of bovine
COX indicates that it is composed of 13 unique subunit poly-
peptides (1). Three core subunits that are in encoded in mtDNA
are homologous to the three subunits of the bacterial complex.
Whereas bacterial COX is composed of three or four subunits
(25), mitochondrial COX has additional subunits that appear to
play a structure role but do not contribute to the mechanism of
electron transfer and proton translocation across the inner
membrane. These nuclear encoded subunits surround the
three catalytic core subunits. The eight structural subunits of
yeast COX are all homologous to the bovine subunits. Two of
the bovine subunits (VIIb and VIII), however, have no homo-
logues in yeast (Table 1). Although the composition of bovine
COX has been determined from crystallographic studies, that
of yeast has been inferred from a combination of SDS-PAGE
separations of the subunits in purified COX (26), purification of
isolated polypeptides from the complex (27, 28), and genetic
and genomic data (29, 30).

Recent studies indicate the presence in the yeast supercom-
plexes of COX with a 12th low-molecular-weight subunit pro-
tein (Cox26p) (2, 3). In the present study, we present evidence
that Cox16p, a protein previously proposed to be a COX-spe-
cific assembly factor (16), is associated with yeast with either
COX itself or with the supercomplexes. This is based on the
following evidence. 1) Pull down assays with tagged Cox16p
co-immunopurify the D2, D3 and D4 but not the smaller D1 (13,
21) assembly intermediates of Cox1p. 2) Cox16p is also associated
with mature COX and with COX present in the supercomplexes.
This was shown both by immune adsorption of Cox16p-CH and
by Western analysis of affinity-purified COX separated by BN-
PAGE. Mass spectrometry analysis also indicated the presence of
Cox16p in the yeast supercomplexes (31).

Cox16p-CH migrates in the region of Cox4p and Cox5p
when the purified complex is separated by SDS-PAGE. Native
Cox16p, however, probably migrates together with Cox6p.
Based on the antibody-antigen signal strength, Cox16p appears
to be substoichiometric with Cox1p and Cox4p. This could be a
consequence of a difference in the accessibility to the protein C
antibody of the tags on the two proteins. Alternatively, Cox16p
may be associated with only a fraction of COX.

Based on protein sequence alignments and hydrophilicity
profiles, Cox16p does not appear to be related to either subunit
VIIB or VIII of bovine COX. The yeast protein, however, has
homologues in a broad range of organisms including fungi and
mammals. An alignment of the yeast, mushroom, and human

Figure 3. Cox16p is associated with COX. A, W303/COX16-CH mitochondria
were labeled and Cox16p-CH purified on protein C antibody beads as in Fig.
2A. The eluate from the protein C antibody beads was separated by BN-PAGE
on a 4 –13% polyacrylamide gel and exposed to X-ray film. The positions of
the supercomplexes, COX, and D2–D4 intermediates wit Cox1p are indicated
in the margin. B, a duplicate of the blue native gel shown in A was transferred
to nitrocellulose and reacted with antibody to protein C and further pro-
cessed as in Fig. 1A. The gel on the right was exposed longer to detect the
radiolabel associated with COX. The concentrations of the D2–D4 intermedi-
ates were too low to detect on the Western. C, mitochondria of W303/
COX16-CH and W303�CBP3/COX16-CH carrying a mutation in CBP3 were first
grown in rich galactose followed by 2 h in galactose medium containing 2
mg/ml chloramphenicol. Mitochondria were labeled, and the fraction was
purified on protein C antibody beads separated by BN-PAGE as in A.
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proteins are shown in Fig. 5A. The three proteins also share a
similar hydrophilicity profile, although yeast Cox16p has a lon-
ger hydrophilic N-terminal sequence. The presence in the
bovine genome of a Cox16p homologue and its absence in the
purified COX complex are perplexing. One possible explana-
tion is that the interaction of the mammalian Cox16p with
mammalian COX is weaker than it is in yeast and as a conse-
quence is shed during purification, which involves use of strong
detergents such as lauryl maltoside or bile acids.

Experimental procedures

Strains and growth media

The genotypes and sources of the S. cerevisiae strains used in
this study are described in Table 2. The compositions of solid
and liquid YPD, YPGal, and YEPG have been described previ-
ously (32).

Construction of COX16-CH

COX16-CH, expressing Cox16p with a C-terminal tandem
protein C followed by a polyhistidine tag, was constructed by
PCR amplification of the gene with 500 bp of 5�-UTRs plus the
coding sequences (minus the termination codon) from purified
nuclear DNA of W303-1B with primers 5�-ggcgagctctctgggaa-
ggtttcaactcat and 5�-ggcctgcagccagacattctcagattcatc. The PCR

product was digested with a combination of SacI plus PstI and
was ligated to YIp349-CH, an integrative plasmid with a TRP1
selectable marker and the CH cassette (gaagatcaggtagatc-
cacggttaatcgatggtaagggaggaggacaccatcaccatcatcactaa) inserted
between PstI and HindIII sites of the multiple cloning sequence
of YIp349. YIp349 is similar to YIp351 (33), except that LEU2 is
replaced with TRP1. The resultant plasmid (pG22/ST13) was
linearized by digestion with BstX1 internal to TRP1 and was
integrated at the trp1 locus of W303-1B (34).

Growth of yeast, isolation of mitochondria and labeling of
mitochondria, and affinity purification of CH-tagged proteins

Yeast was grown in YPGal and mitochondria isolated by the
method of Herrmann et al. (35). Small aliquots of mitochondria
were frozen in liquid nitrogen and stored at �80 °C. Unless
otherwise indicated, the mitochondria (250 �g of protein) were
labeled for 20 min at 25 °C with [35S]methionine/cysteine
(3,000 Ci/mmol; MP Biochemicals, Solon, OH) (13). The
labeled mitochondria were extracted with digitonin and puri-
fied on protein C antibody beads as described previously.

Miscellaneous procedures

Purification, ligation and transformation of DNA in Esche-
richia coli were done under standards conditions (36). Yeast

Figure 4. Purification of COX with Cox16. A, mitochondria were prepared from MRSIo/COX1-HAC and W303/COX16-CH expressing Cox1p-HAC and Cox16-
CH, respectively. The mitochondria (2 mg) were extracted with either 2% lauryl maltoside (L) or 2% digitonin (D). The extracts were purified on protein C
antibody beads, and 1⁄20 of the eluates were separated by SDS-PAGE on a 15% gel (22). The silver-stained proteins are identified in the margin. Some of the extra
bands of the bc1 complex seen in the digitonin extract are absent in Cox16p-CH purified from lauryl maltoside extracted mitochondria because this detergent
dissociates the supercomplexes, and only the Cox16p-CH associated with COX is recovered from the protein C beads. B, to confirm identity of the bands
migrating in the region between Cox6p and smaller subunits in A, COX was purified on protein C antibody beads from strains expressing Cox1p-HAC,
Cox4p-HAC, and Cox16p-CH. Proteins were separated and silver-stained as in A. A duplicate gel was transferred to a PVDF membrane and probed with an
antibody to the protein C epitope as in Fig. 1A. C, Western analysis of COX affinity-purified from strains expressing Cox1p-HAC with and without a cox16 null
mutation and from strains expressing either Cox4p-HAC Cox5p-HAC, Cox6p-HAC, and Cox16p-CH.
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was transformed by the lithium acetate method of Schiestl and
Gietz (37). Unless otherwise indicated, the proteins were sepa-
rated by either by SDS-PAGE on 12% in standard Laemmli
buffer (38) or in 17.5% polyacrylamide with a ratio of acrylam-
ide to bis-acrylamide of 30:0.2 and run in Laemmli buffer (36)
adjusted to pH 8.3. Proteins were separated by BN-PAGE on
4 –13% polyacrylamide gels (39). Western blots were treated
with a polyclonal antibody to the protein C epitope followed by
a second reaction with anti-mouse or anti-rabbit IgG conju-
gated to horseradish peroxidase (Sigma), and proteins were
detected with SuperSignal chemiluminescent substrate kit
(Pierce). The method of Lowry (40) was used to estimate pro-
tein concentration.
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authors approved the version to be published and agree to be
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