
Cox15 interacts with the cytochrome bc1 dimer within
respiratory supercomplexes as well as in the absence of
cytochrome c oxidase
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The heme a molecule is an obligatory cofactor in the terminal
enzyme complex of the electron transport chain, cytochrome c
oxidase. Heme a is synthesized from heme o by a multi-spanning
inner membrane protein, heme a synthase (Cox15 in the yeast
Saccharomyces cerevisiae). The insertion of heme a is critical for
cytochrome c oxidase function and assembly, but this process
has not been fully elucidated. To improve our understanding of
heme a insertion into cytochrome c oxidase, here we investi-
gated the protein–protein interactions that involve Cox15 in
S. cerevisiae. In addition to observing Cox15 in homooligomeric
complexes, we found that a portion of Cox15 also associates with
the mitochondrial respiratory supercomplexes. When super-
complex formation was abolished, as in the case of stalled cyto-
chrome bc1 or cytochrome c oxidase assembly, Cox15 main-
tained an interaction with select proteins from both respiratory
complexes. In the case of stalled cytochrome bc1 assembly,
Cox15 interacted with the late-assembling cytochrome c oxi-
dase subunit, Cox13. When cytochrome c oxidase assembly was
stalled, Cox15 unexpectedly maintained its interaction with the
cytochrome bc1 protein, Cor1. Our results indicate that Cox15
and Cor1 continue to interact in the cytochrome bc1 dimer even
in the absence of supercomplexes or when the supercomplexes
are destabilized. These findings reveal that Cox15 not only asso-
ciates with respiratory supercomplexes, but also interacts with
the cytochrome bc1 dimer even in the absence of cytochrome c
oxidase.

Cytochrome c oxidase, a large multisubunit enzyme in the
inner membrane of the mitochondria, plays a vital role in aer-
obic respiration in eukaryotic organisms. Serving as the termi-
nal electron acceptor in the electron transport chain, cyto-
chrome c oxidase catalyzes the reduction of O2 to two water
molecules while four protons are pumped across the inner
mitochondrial membrane (1–3). For this chemistry to occur,
two heme a molecules must be properly inserted into Cox1, the

catalytic heme-containing subunit of cytochrome c oxidase
(2–7).

Heme a is synthesized via a series of reactions catalyzed by
two integral membrane proteins, heme o synthase (Cox10) and
heme a synthase (Cox15), which are located in the mitochon-
drial inner membrane. Cox10 catalyzes the conversion of a
heme b molecule into a heme o molecule. Then, in a process
that has not been fully elucidated, heme o is further modified
into heme a by Cox15 (7–12). The only known destination for
the resulting heme a is cytochrome c oxidase (11). Whereas
much progress has been made in understanding the assembly of
cytochrome c oxidase, very little is known about how heme a is
inserted into Cox1. Because of the reactive nature of heme a,
due in part to its increased reduction potential relative to the
other types of heme (13), it is thought that heme insertion into
Cox1 either occurs co-translationally or that a protein chaper-
one delivers heme from Cox15 to cytochrome c oxidase (14).

It has been debated whether the inner membrane protein,
Shy1 (Surf1 in humans and bacteria), acts as the metallochap-
erone that delivers heme a to cytochrome c oxidase or whether
it strictly mediates the protein environment around the heme a
site during heme insertion into Cox1. Studies in the bacterium
Paracoccus denitrificans indicate that Surf1 is capable of bind-
ing heme, suggesting a role in heme a delivery to Cox1 (15, 16).
In contrast, work in Saccharomyces cerevisiae has not been able
to demonstrate that Shy1 is capable of binding heme, but it has
revealed that Shy1 is present in the early assembly intermediate
complexes that exist with Cox1 near the time of heme insertion
(7, 17, 18). Additionally, Shy1 must be present for Cox1 to be
fully hemylated (17). This work in yeast suggests that Shy1 acts
as a scaffold during heme insertion into Cox1 rather than a
heme binding and delivery protein. Unraveling the protein–
protein interactions that occur with Cox15 may better inform
us of the protein interactions that occur following heme a syn-
thesis and delivery to cytochrome c oxidase.

It has been established that Cox15 exists in high-molecular
weight protein complexes, as observed via blue native PAGE
(BN-PAGE)2 (8, 10, 19). Recently, it has been shown that these
complexes largely represent oligomers of Cox15 that are stabi-
lized by strong hydrophobic interactions (8), and some evi-

This work was supported in full by National Institutes of Health Grant
R01GM101386. The authors declare that they have no conflicts of interest
with the contents of this article. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

This article contains Figs. S1–S3.
1 To whom correspondence should be addressed: Dept. of Biochemistry and

Molecular Biology, Michigan State University, 603 Wilson Rd., Rm. 510A,
East Lansing, MI 48824. Tel.: 517-353-7120; Fax: 517-353-9334; E-mail:
erichegg@msu.edu.

2 The abbreviations used are: BN-PAGE, blue native PAGE; HA, hemagglutinin;
PVDF, polyvinylidene difluoride; 2D, two-dimensional; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; Tricine, N-[2-
hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine; IP, immunoprecipitation.

croARTICLE

16426 J. Biol. Chem. (2018) 293(42) 16426 –16439

© 2018 Herwaldt et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0003-2055-5495
http://www.jbc.org/cgi/content/full/RA118.002496/DC1
mailto:erichegg@msu.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.002496&domain=pdf&date_stamp=2018-9-4


dence may suggest that Cox15 is able to interact sub-stoichio-
metrically with assembling Cox1 (10). Additionally, Bareth et
al. (10) suggest that Cox15 may interact with Shy1 within
some of the lower Cox15-containing complexes, an interesting
observation given the suggestion that Shy1 may be a heme
chaperone. Both determining the identity of the proteins that
interact with Cox15 in the Cox15 high-molecular weight com-
plexes and understanding how the complexes are regulated
have been equally perplexing. Cox15 high-molecular weight
complexes still form in cytochrome c oxidase mutants, when
Cox15 is catalytically inactive, and when there is an impairment
in heme o biosynthesis (8, 10, 20). Two recent findings have
begun to shed light on some of the factors that are important in
Cox15 oligomerization. First, the unstructured linker region
that connects the N- and C-terminal halves of Cox15 has been
shown to be important for Cox15 function and its oligomeriza-
tion, although it does not seem to significantly impact the
steady-state levels of Cox15 (8). Second, the previously unchar-
acterized Pet117, known to be important for cytochrome c oxi-
dase assembly, was shown to interact with Cox15 and is the first
protein identified that when knocked out abolishes the Cox15
complexes observed on BN-PAGE (9). Interestingly, however,
Cox15 was still found to interact with itself in the absence of
Pet117, indicating that Pet117 is important for the stabilization
but not the formation of the Cox15 oligomers (9).

In this report, we analyzed the Cox15 complexes to further
elucidate heme a delivery to cytochrome c oxidase. We have
found, like Swenson et al. (8), that much of the Cox15 com-
plexes reflect oligomeric states of Cox15, but that in addition to
oligomeric Cox15, two of the Cox15 complexes reflect the pres-
ence of Cox15 within respiratory supercomplexes. Our results
indicate that a relatively small amount of Cox15 is present
within the supercomplexes, suggesting that Cox15 only exists
within a subset of respiratory supercomplexes. We probed for
interactions that occur between Cox15 and proteins of the
cytochrome bc1 complex as well as cytochrome c oxidase. We
found that Cox15 is capable of interacting with Cor1 from the
cytochrome bc1 complex as well as Cox5a and Cox13 from
cytochrome c oxidase, presumably within the supercomplexes.
Interactions with Cox13 appear to be maintained in the absence
of supercomplexes. Of particular interest was the finding that
Cox15 and Cor1 interact in the absence of supercomplexes,
likely within the dimer of cytochrome bc1. Thus, it appears that
not only is a portion of Cox15 present in the supercomplexes,
but also that its presence within the supercomplexes may be
mediated by the cytochrome bc1 protein, Cor1.

Results

Cox15-Myc exists in both oligomeric high-molecular weight
protein complexes and protein complexes that reveal the
presence of Cox15 within respiratory supercomplexes

In an effort to understand the protein–protein interactions
that occur with Cox15, we observed the distribution of Cox15
with a 13� C-terminal Myc tag (Cox15-Myc) via BN-PAGE.
The Cox15-Myc complexes that we observed range in size from
about 140 kDa to larger than 660 kDa (Fig. 1A). Consistently,
Cox15-Myc distributes primarily in the lowest complex, which

migrates at �140 kDa, and its distribution in the upper
complexes is less abundant. We were able to break apart the
high-molecular weight Cox15-Myc complexes with SDS and
observed a single band migrating between the 66- and 140-kDa
molecular weight markers (Fig. 1A), likely reflecting mono-
meric Cox15-Myc, which is 75 kDa with the 13� Myc tag. The
upper complexes we observe ranging from �232 kDa to larger
than 660 kDa on BN-PAGE clearly represent Cox15 high-mo-
lecular weight protein complexes, as these complexes are about
3–13 times greater in size than monomeric Cox15.

Recently, it was reported that Cox15 in yeast forms stable,
oligomeric complexes (8). Our work concurs with the assess-
ment that many of the Cox15 complexes represent Cox15 mul-
timers. One of the strategies we undertook to identify other
proteins that may be part of the Cox15 complex was 2D blue
native-SDS-PAGE (BN/SDS-PAGE). Cox15-Myc was purified
from S. cerevisiae using nondenaturing anti-Myc chromatogra-
phy and run on BN-PAGE. A lane from the blue native gel was
excised and mounted to the top of an SDS-polyacrylamide gel.
Following SDS-PAGE, the gel was silver-stained (Fig. 1B). This
allowed us to observe the distribution of purified Cox15 in the
high molecular weight complexes as well as any other proteins
that are part of the complex. Other proteins will appear either
above or below Cox15 on the SDS-polyacrylamide gel. In our
2D gels, Cox15 can be observed in high-molecular weight com-
plexes ranging from �140 to 600 kDa. In particular, the 2D gel
showed Cox15 associating in two distinct areas. Cox15 is most
enriched around 440 kDa and in a broader range between �140
and 250 kDa. Both the higher-molecular mass band at 440 kDa
and the broad band from 140 –250 kDa were excised and ana-
lyzed by MS to determine whether any other proteins with the
same molecular weight as Cox15-Myc were also present in
these bands. Cox15 was the only protein identified by MS in
both of the bands analyzed.

In addition, we compared the BN/SDS-polyacrylamide gels
of purified Cox15-Myc and purified, untagged mitochondrial
extract, and we detected very few obvious differences in the
protein bands above and below Cox15 between the two gels
(Fig. 1B) (data not shown). The bands we did excise and analyze
by MS are indicated with an asterisk. The protein concentration
of these bands was not high enough to positively identify these
proteins, indicating that no other protein can be detected form-
ing a stoichiometric complex with Cox15 within the purified
high-molecular weight complexes. Based on these data and the
findings of others (8), it seems likely that the Cox15-Myc
complexes A–D in Fig. 1A represent mostly homooligomeric
complexes.

Interestingly, the two Cox15 complexes observed via BN-
PAGE higher than 660 kDa in Fig. 1A resemble the complex
III– containing and complex IV– containing supercomplexes
reported by Schagger and Pfeiffer (21) and Cruciat et al. (22).
These complexes are represented by bands E and F in Fig. 1A
and match the distribution of HA-tagged cytochrome bc1
and cytochrome c oxidase proteins within the respiratory
supercomplexes (Fig. 1C). Whereas only a small proportion of
Cox15-Myc appears to be present within these putative respi-
ratory supercomplex bands, we noted that Cox15-Myc is
stably present within them. Cox15-Myc levels remain largely
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unchanged, including within the high-molecular weight bands
of the supercomplexes (Fig. 1D), at least 24 h following the
addition of the translation inhibitor, cycloheximide.

Cox15-Myc interacts with Cor1 of the cytochrome bc1 complex
and subunits from cytochrome c oxidase

To test whether the two Cox15 complexes larger than 660
kDa represent Cox15 in association with respiratory supercom-
plexes, we probed for an interaction of Cox15 with selected
proteins from both cytochrome c oxidase and the cytochrome
bc1 complex. A hemagglutinin (HA) tag was appended to the C
terminus of Cox5a and Cox13, two cytochrome c oxidase sub-
units (Fig. 2). Additionally, an HA tag was appended to the C
terminus of the Cyt1 protein, and an antibody recognizing Cor1
was used to assess the presence of cytochrome bc1 (Fig. 2). Co-
immunoprecipitation experiments pulling down Cox15-Myc
revealed that Cox13-HA from cytochrome c oxidase as well as
Cor1 from cytochrome bc1 could be detected with Cox15-Myc
(Fig. 3A). In addition, a weak band representing Cox5a-HA
from cytochrome c oxidase was also found to co-immunopre-
cipitate with Cox15-Myc (Fig. 3A). Curiously, we were not able
to detect a significant interaction between Cox15-Myc and
Cyt1-HA. Control co-immunoprecipitation experiments in
which Cox15 did not contain a Myc tag were performed to
ensure that Cox5a-HA, Cox13-HA, and Cor1 did not bind
adventitiously to the anti-Myc resin (Fig. S1). Two additional
controls were performed that utilized the proteins Oxa1, a

five-transmembrane inner membrane protein that served as a
hydrophobic control, and Cbp4, a cytochrome bc1 assembly
factor that is not itself part of fully assembled cytochrome bc1.
Both proteins did not co-immunoprecipitate with Cox15-Myc
(Fig. 3A), suggesting that the positive interactions we observed
are not artifacts occurring during the solubilization and co-
immunoprecipitation procedures (Table 1).

It should be noted that the co-immunoprecipitation of
Cox15-Myc with Cox5a-HA, Cox13-HA, and Cor1 may repre-
sent either direct or indirect interactions. In other words,
Cox15-Myc might physically interact with one or more of
these proteins, or co-immunoprecipitation could be mediated
through other proteins or complexes. Our data do not allow us
to distinguish between these two types of interactions.

Cox15-Myc interacts with Cox13-HA from cytochrome c
oxidase and Cor1 from the cytochrome bc1 complex in the
absence of supercomplexes

Presumably the interactions between Cox15-Myc and Cox5a-
HA, Cox13-HA, and Cor1 occur within respiratory supercom-
plexes. We next tested whether these interactions persist in the
absence of supercomplexes. Our first approach was to follow
the interaction of Cox15-Myc with the cytochrome c oxidase
proteins, Cox5a-HA and Cox13-HA, using a �qcr8 strain in
which mature cytochrome bc1 fails to form yet cytochrome c
oxidase is still present. This created a scenario in which cyto-
chrome c oxidase exists in the absence of supercomplexes

Figure 1. Blue native PAGE of Cox15-Myc13 reveals the presence of Cox15 in oligomeric complexes and within respiratory supercomplexes. A, Western
blotting of BN-PAGE using mitochondria containing a 13� C-terminal Myc tag on Cox15 (Cox15-Myc) solubilized in either 1% digitonin (repeated with
numerous biological replicates) or 1% SDS (repeated in three independent experiments (biological replicates)). Both blots represent 10 �g of mitochondria
and are probed with an anti-Myc antibody. B, silver stain of a 2D BN/SDS-PAGE of purified Cox15-Myc using nondenaturing anti-c-Myc purification (repeated
in two independent experiments (biological replicates)). The three bands marked by an asterisk, the band representing Cox15-Myc ranging from �140 –250
kDa, and the Cox15-Myc band around 440 kDa were excised and analyzed by LC-MS/MS (experiment performed once). C, Western blotting from BN-PAGE of
Cox15-Myc probed with anti-Myc and of Cyt1-HA, Cor1-HA (cytochrome bc1), Cox13-HA, and Cox5a-HA (cytochrome c oxidase) probed with anti-HA. The
anti-Myc blot represents 100 �g of mitochondria, and the anti-HA blot shows 50 �g of mitochondria (experiment repeated in at least three biological
replicates). D, Western blotting from BN-PAGE of the supercomplex region of Cox15-Myc 0 –24 h after cycloheximide addition (10 �g of mitochondria). The
experiment was repeated twice independently (biological replicates).
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(Table 1). We found that Cox15-Myc still co-immunoprecipi-
tates with Cox13-HA (Fig. 3B). Conversely, the interaction with
Cox5a-HA is nearly abolished, although it is important to note
that the total amount of Cox5a-HA present in �qcr8 mitochon-
dria appears to be reduced compared with WT mitochondria.
Because only weak Cox5a-HA bands could be detected in the
co-immunoprecipitation experiments using WT mitochondria
(Fig. 3A), it is possible that weak bands observed in Fig. 3B are
simply the result of a decrease in the total amount of Cox5a-
HA in �qcr8 mitochondria. Finally, in the absence of fully
formed cytochrome c oxidase (�cox4 strain), Cox15-Myc and
Cox5a-HA do not interact, and the interaction between Cox15-
Myc and Cox13-HA is also eliminated (Fig. 3B), indicating that
intact cytochrome c oxidase is needed to maintain the Cox15–
Cox13 interaction when supercomplexes are absent.

To probe further the relationship between Cox15 and Cor1,
we tested whether Cox15-Myc interacts with Cor1 in the
absence of fully assembled cytochrome c oxidase using a �cox4
strain. Cox4, a nuclear encoded subunit of cytochrome c oxi-
dase, assembles in an early intermediate complex with the Cox1
and Cox5a subunits (23–27). In its absence, this core complex
does not form, and cytochrome c oxidase fails to assemble, yet
cytochrome bc1 remains intact (Table 1). Surprisingly, Cox15
co-immunoprecipitates with Cor1 to the same extent in both
WT and �cox4 strains (Fig. 3B). Cox15-Myc and Cor1 do not
interact in a �qcr8 strain, however, indicating that intact cyto-
chrome bc1 is required to maintain the Cox15-Cor1 interaction
(Fig. 3B).

Where does Cox15-Myc interact with cytochrome c oxidase in
the absence of supercomplexes?

Based on the robust interaction observed between Cox15-
Myc and Cox13-HA, we hypothesized that some of the lower-
molecular weight Cox15 complexes (bands A–D on BN-PAGE)
may represent interactions with Cox13 in subassembly inter-

mediates. Cox13 is one of the last subunits to be incorporated
into cytochrome c oxidase, whereas Cox5a forms an early inter-
mediate with Cox1 to which the rest of the subunits are added
(24, 28 –30). Perhaps Cox15 interacts with Cox13 and some
other late-assembling intermediates away from the assembling
core of cytochrome c oxidase. To address whether Cox15 forms
specific interactions with Cox13, we probed the BN-PAGE dis-
tribution of Cox15-Myc complexes in a �cox13 strain. Whereas
Cox13 is necessary to maintain full cytochrome c oxidase func-
tion, it is not necessary for the stability of the rest of the enzyme
complex, and its absence does not abolish supercomplex for-
mation as marked by the presence of Cor1 within both super-
complexes (Fig. 4A) (27, 31). As shown in Fig. 4A, all Cox15-
Myc complexes, including Cox15 within supercomplexes, are
maintained in the absence of Cox13. This indicates that none of
the lower Cox15-Myc complexes are solely represented by
Cox13–Cox15 interactions and that Cox13 is not required to
draw Cox15 into supercomplexes.

Next, to better understand the differences we observed
between the Cox15–Cox13 versus the Cox15–Cox5a interac-
tions (Fig. 3B), we tested whether Cox13-HA and Cox5a-HA
form distinct complexes from each other when Qcr8 is absent.
In mitochondria from WT cells, Cox5a-HA is found mainly
within both supercomplexes (III2/IV2 and III2/IV) and also in
what appears to be the cytochrome c oxidase monomer (Fig.
4B). Depending on the resolution of the gel, the band represent-
ing the cytochrome c oxidase monomer can be observed as two
distinct bands or one large band. This is consistent with previ-
ous reports that have identified two distinct forms of cyto-
chrome c oxidase via BN-PAGE as marked by a slower-migrat-
ing complex (termed IV*) that is positioned directly above
where monomeric cytochrome c oxidase would be expected
(31, 32). As predicted, in the absence of Qcr8, Cox5a-HA
appears to associate exclusively with what appears to be the two

Figure 2. Proteins from cytochrome c oxidase and cytochrome bc1 used to assess co-immunoprecipitation with Cox15-Myc13. A C-terminal HA tag was
appended to Cox5a (shown in orange) and Cox13 (purple) of cytochrome c oxidase as well as the Cyt1 (green) protein of cytochrome bc1. An antibody
recognizing Cor1 (red) of cytochrome bc1 was also used. This figure was prepared using a crystal structure of S. cerevisiae cytochrome bc1 (58) (Protein Data Bank
entry 3CX5) and a homology model of S. cerevisiae cytochrome c oxidase based on the bovine crystal structure (59).
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bands reflecting monomeric cytochrome c oxidase (Fig. 4B). In
contrast, whereas Cox13-HA is only found within the two
supercomplexes in WT mitochondria, when Qcr8 is absent, the
predominate amount of Cox13 is in a complex that migrates in
what appears to be the slower-migrating form of monomeric
cytochrome c oxidase on BN-PAGE (IV*) as well as two less-
abundant, higher-molecular weight complexes. Taking all of
our data together, we conjecture that Cox15 interacts with
Cox13-HA in these low-abundance intermediates that are inde-
pendent of Cox5a, although we cannot rule out the possibility
that Cox15 may also interact weakly with both Cox13 and
Cox5a in the IV* form of monomeric cytochrome c oxidase.

Cox15-Myc interacts with Cor1 within the cytochrome bc1

dimer in the absence of supercomplexes

As discussed previously, Cox15-Myc interacts with Cor1 in
the absence of supercomplexes only if cytochrome bc1 is fully
formed (Fig. 3B), prompting us to investigate whether Cox15-
Myc and Cor1 interact within the dimer of cytochrome bc1

when supercomplexes are absent. We observed the distribution
of Cor1 and Cox15-Myc on BN-PAGE in a �cox4 strain. As
expected, BN-PAGE revealed that Cor1 was only present in the
dimer of cytochrome bc1 (Fig. 5A), indicating that this is the
only location in which Cox15-Myc could interact with Cor1
when Cox4 is absent. Indeed, when Cox15-Myc complexes are
observed on BN-PAGE in a �cox4 strain, a marked accumula-
tion of Cox15 within an intermediate at the same molecular
weight as the cytochrome bc1 dimer is observed (Fig. 5A). As
expected, when Qcr8 is absent, Cor1 is no longer observed in
the dimer of cytochrome bc1 because the cytochrome bc1 com-
plex no longer forms. Likewise, Cox15 is no longer observed
in the supercomplex region when Qcr8 is absent (Fig. 5A).
Together, these data suggest that when the III2/IV2 and the
III2/IV supercomplexes are absent, Cox15-Myc and Cor1 inter-
act within the cytochrome bc1 dimer.

Interestingly, we also noted that when Cox4 is absent under
our experimental conditions, both Cox13-HA and Cox5a-HA
were observed exclusively within an intermediate that also

Figure 3. Co-immunoprecipitation experiments using anti-Myc resin to pull down Cox15-Myc13 reveal that the cytochrome c oxidase proteins
Cox13-HA and Cox5a-HA and the cytochrome bc1 protein, Cor1, interact with Cox15. A, blots of SDS-polyacrylamide gels following co-immunoprecipi-
tation of Cox15-Myc from mitochondria isolated from WT strains (containing the indicated tags). For the blots probing native proteins, a strain containing only
COX15::MYC was used. Total, Unbound, and Elutions are as follows: for blots probed for Cox15-Myc, �0.1 �g mitochondria loaded on gel (Total), 0.05% of the unbound
fraction loaded on gel (Unbound), and 33% of total elution (Elutions); for blots probed for HA-tagged proteins, 40–100 �g of mitochondria (Total), 2.5–5% of unbound
fraction (Unbound), and 33% of total elution (Elutions); for blots probed for native Cor1, 5 �g of mitochondria (Total), 0.5% of unbound fraction (Unbound), and 33% of
elution (Elutions); for blots probed for native Cbp4 and Oxa1, 85 �g (Cbp4) and 20 �g (Oxa1) of mitochondria (Total), 5% of the unbound fraction (Unbound), and 33%
of total elution (Elutions). All co-IP experiments were performed two times (biological replicates); Cor1 experiments were repeated in three biological replicates.
B, co-IP experiments performed in either �qcr8 or �cox4 mitochondria containing the indicated tags. Co-IPs between Cox15-Myc and native Cor1 in both �qcr8 and
�cox4 utilized a COX5A::HA strain. Gel loading was as in A. All experiments were performed in at least two biological replicates.
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appeared to be the same molecular weight as the cytochrome
bc1 dimer (Fig. 5B). This observation is consistent with the find-
ings of others who report that subunits from cytochrome c oxi-

dase can associate with the cytochrome bc1 dimer when cyto-
chrome c oxidase assembly is stalled (24, 33). This intermediate
was termed III2/IV* by Mick et al. (24) and is referred to as

Table 1
Summary of co-immunoprecipitation experiments

Figure 4. Cox15 likely does not form significant interactions with Cox13 within assembly intermediates and in the absence of supercomplexes likely
interacts with Cox13 either in IV* or the two complexes above IV*. A, BN-PAGE of Cor1 (10 �g of mitochondria loaded) and Cox15-Myc13 (20 �g of
mitochondria loaded) within WT (COX15::MYC) or �cox13/COX15::MYC strains probed with either anti Cor1 or anti-Myc antibodies. The band on the Cor1 blot
at �440 kDa represents nonspecific binding of the anti-Cor1 antibody (see Fig. S2). B, BN-PAGE probing for Cox5a-HA complexes (40 �g of mitochondria) or
Cox13-HA complexes (50 �g of mitochondria) in WT or �qcr8 backgrounds. Cells used for experiments in A and B were grown in 2% galactose and 0.5% lactate
YP medium. All experiments were performed two times (biological replicates).
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III2/IVpartial in this work, to avoid confusion with the IV* nomen-
clature used elsewhere. Therefore, it is possible that Cox15-Myc
and Cor1 interact within a cytochrome bc1 dimer that has already
associated with some cytochrome c oxidase subunits.

We tracked the presence of Cox15-Myc, Cor1, and Cox13-
HA within the supercomplexes in �rcf1 and �rcf1/�rcf2 strains. It
is known that in the absence of respiratory supercomplex factor
1 (Rcf1), the distribution of the supercomplexes is altered such
that the III2/IV2 supercomplex is diminished and a buildup of
III2 is observed (31, 34, 35). In both �rcf1 and �rcf1/�rcf2
strains, BN-PAGE probing for Cor1-containing complexes
confirmed that the III2/IV2 supercomplex is diminished and

that the cytochrome bc1 dimer accumulates (Fig. 5C). Cox15-
Myc reflected that the trend observed for Cor1 in that Cox15-
Myc was nearly absent in the III2/IV2 supercomplex but accu-
mulated in a complex that appeared to be the dimer of
cytochrome bc1 (Fig. 5C). When we probed for the distribution
of Cox13-HA in a WT strain, we observed that Cox13-HA is
only present in the III2/IV2 and III2/IV supercomplexes. In
�rcf1 and �rcf1/�rcf2 strains, however, the predominant
amount of Cox13-HA is found not only within the two super-
complexes, but also as two bands migrating around 232 kDa. As
discussed above, these two bands at 232 kDa likely reflect
Cox13 within the two monomeric forms of cytochrome c oxi-

Figure 5. BN-PAGE experiments reveal that Cox15-Myc13 is present in the cytochrome bc1 dimer when supercomplexes are destabilized. A, BN-PAGE
of Cor1 (50 �g of mitochondria) and Cox15-Myc (10 �g of mitochondria). Strains used were COX15::MYC/COX13-HA, �cox4/COX15::MYC/COX13HA,
and �qcr8/COX15::MYC/COX13HA. B, BN-PAGE of Cox13-HA (50 �g of mitochondria) and Cox5a-HA (40 �g of mitochondria). Strains used were
COX15::MYC/COX13::HA and COX15::MYC/COX5a::HA (in both WT and �cox4 backgrounds). C, BN-PAGE of Cor1 (50 �g of mitochondria), Cox15-Myc (10 �g of
mitochondria), and Cox13-HA (50 �g of mitochondria) using a COX15::MYC/COX13::HA strain in WT, �rcf1, or �rcf1/�rcf2 backgrounds. D, BN-PAGE probing for
Cor1 (20 �g of mitochondria) or Cox15-Myc (10 �g of mitochondria) in either COX5A::HA/COX15::MYC or COX13::HA/COX15::MYC strains. The blot probing for
Cox5a-HA (50 �g of mitochondria) utilizes the COX5A::HA/COX15::MYC strain. All strains represented in the entire figure were grown in 2% galactose, 0.5%
lactate YP medium, and every BN-PAGE was performed 2–3 times (biological replicates). The bands at 440 kDa on the anti-Cor1 blots in A, C, and D represent
nonspecific binding of the anti-Cor1 antibody (see Fig. S2).
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dase. Finally, we do note a minor amount of Cox13 that appears
to migrate at the same molecular weight as the likely III2/IVpar

-

tial complex, again suggesting that Cox15 and Cor1 may interact
within a cytochrome bc1 dimer that is in association with some
cytochrome c oxidase subunits. In sum, under conditions in
which the cytochrome bc1 dimer is favored, as in the case of super-
complex destabilization from the loss of Rcf1 and Rcf1/Rcf2, we
detect Cox15-Myc shifting its distribution from the III2/IV2 and
III2/IV supercomplexes into what appears to be either the cyto-
chrome bc1 dimer or the III2/IVpartial complex, whereas Cox13
shifts its distribution toward complexes IV and IV*.

In the course of our studies, we observed that in contrast to a
Cox13-HA strain, a C-terminal HA tag on Cox5a causes a slight
buildup of Cor1 within the cytochrome bc1 dimer without sig-
nificant change to the abundance of Cor1 within the III2/IV2
or III2/IV supercomplexes (Fig. 5D). Intriguingly, Cox15-Myc
again models the arrangement of Cor1 within supercomplexes.
As observed with Cor1, Cox15-Myc is only present in the III2/
IV2 or III2/IV supercomplexes in a Cox13-HA strain but dis-
plays a buildup within the cytochrome bc1 dimer when Cox5a
has a C-terminal HA tag (Fig. 5D). When observing the distri-
bution of Cox5a-HA from WT mitochondria, Cox5a-HA was
predominately found within either the supercomplexes or the
two forms of monomeric cytochrome c oxidase, with a trace
amount also detected within the probable III2/IVpartial com-
plex. As observed with the loss of Rcf1, when supercomplexes
are destabilized due to a C-terminal HA tag on Cox5a, the dis-
tribution of Cox15-Myc is again shifted into the cytochrome
bc1 dimer or the III2/IVpartial complex.

Cox15 maintains its interaction with Cor1 even when
catalytically inactive and when unable to oligomerize

Finally, we wanted to ascertain whether the Cox15–Cor1
interaction required fully functioning Cox15. In the first exper-
iment, we probed whether the interaction was maintained in a

H431A amino acid variant of Cox15. His-431, one of the four
strictly conserved His residues, is assumed to be located at one
of the two heme-binding sites and has been shown previously to
be required for activity (11). Both WT Cox15-Myc and mutant
H431A Cox15-Myc were expressed individually from the
pRS415 plasmid in �cox15 S. cerevisiae (Table 2) at comparable
steady-state levels (Fig. S3). Only WT Cox15-Myc was able
to rescue respiratory competence (Fig. S3). The ability of
native Cor1 to co-immunoprecipitate with the plasmid-borne
enzymes was assessed. Both the plasmid-borne WT Cox15-
Myc and H431A Cox15-Myc consistently co-immunoprecipi-
tated with native Cor1 in the fourth elution, indicating that
heme a is not required for the Cox15–Cor1 interaction (Fig. 6).

Next, we investigated whether the Cox15–Cor1 interaction
is maintained when Cox15 is unable to form homooligomers.
Recently, Swenson et al. (8) identified a 20-amino acid deletion
mutant of Cox15 (L-20 variant) that maintained close to normal
steady-state levels but was unable to oligomerize. We expressed
the L-20 Cox15-Myc deletion mutant from the pRS415 plasmid
(Table 2) in a �cox15 strain, and we assessed whether plasmid-
borne L-20 Cox15-Myc was able to interact with native Cor1.
The plasmid-borne L-20 Cox15-Myc exhibited lower steady-
state levels than observed for plasmid-borne WT Cox15-Myc
or H431A Cox15-Myc (Fig. S3). Interestingly, however, the
Cox15–Cor1 interaction was maintained in the L-20 Cox15-
Myc mutant, despite the reduction in steady-state levels for
L-20 Cox15-Myc (Fig. 6). Together, these data indicate that the
ability of Cox15 to interact either directly or indirectly with
Cor1 and the cytochrome bc1 dimer does not depend on either
the presence of heme a or the oligomeric state of Cox15.

Discussion

With the discovery of respiratory supercomplexes in S.
cerevisiae by Cruciat et al. (22) and Schagger and Pfeiffer (21)
in 2000, our knowledge of the electron transport chain has

Table 2
Yeast strains and plasmids used in this study

Genetic background/Description Source

Strains
DY5113 MATa, ade2�, can1�, leu2�, ura3�, trp1�, his3� W303a, WT
COX5A:HA, DY5113 MATa, ade2�, can1�, leu2�, ura3�, TRP1�, his3�, COX5A::3HA This study
COX13::HA, DY5113 MATa, ade2�, can1�, leu2�, ura3�, TRP1�, his3�, COX13::3HA This study
COX15::MYC MATa, ade2�, can1�, leu2�, ura3�, trp1�, HIS3�, COX15::13MYC Ref. 48
COR1::HA, COX15::MYC MATa, ade2�, can1�, leu2�, ura3�, TRP1�, HIS3�, COR1::3HA, COX15::13MYC, This study
CYT1::HA, COX15::MYC MATa, ade2�, can1�, leu2�, ura3�, TRP1�, HIS3�, CYT1–3HA, COX15::13MYC This study
COX5A::HA, COX15::MYC MATa, ade2�, can1�, leu2�, ura3�, TRP1�, HIS3�, COX5A::3HA, COX15::13MYC This study
COX13::HA, COX15::MYC MATa, ade2�, can1�, leu2�, ura3�, TRP1�, HIS3�, COX13::3HA, COX15::13MYC This study
SSA1::HA/COX15::MYC MATa, ade2�, can1�, leu2�, ura3�, TRP�, HIS�, SSA1::3HA, COX15::13MYC This study
�qcr8, COX5A::HA, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, TRP1�, HIS3�, qcr8::URA3, COX5A::3HA, COX15::13MYC This study
�qcr8, COX13::HA, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, TRP1�, HIS�, qcr8::URA3, COX13::HA, COX15::13MYC This study
�cox4, COX5A::HA, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, TRP1�, HIS3�, cox4::URA3, COX5A::3HA, COX15::13MYC This study
�cox4, COX13::HA, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, TRP1�, HIS3�, cox4::URA3, COX13::3HA, COX15::13MYC This study
�cox13, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, trp1�, HIS�, cox13::URA3, COX15::13MYC This study
�rcf1, COX13::HA, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, TRP1�, HIS�, rcf1::URA3, COX13::3HA, COX15::13MYC This study
�rcf1, �rcf2,
COX13-HA, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, TRP�, HIS�, rcf1::URA3, rcf2::kanMX6, COX5A::3HA, COX15::13MYC This study
�cor1, COX15::MYC MATa, ade2�, can1�, leu2�, URA3�, trp1�, HIS�, cor1::URA3, COX15::13MYC This study
�cox15 MATa, ade2�, can1�, leu2�, ura3�, trp1�, his3�, cox15::KanMX This study

Plasmids
pRS415 empty Empty pRS415 vector Ref. 8
pRS415 COX15-Myc COX15-13MYC with COX15 promoter and ADH1 terminator in pRS415 Ref. 8
pRS415 cox15-Myc H431A cox15-13MYC H431A with COX15 promoter and ADH1 terminator in pRS415 Ref. 8
pRS415 cox15-Myc L-20 cox15-13MYC L-20 (cox15-13MYC with 20 amino acids deleted from the linker between transmembrane

helices IV and V) with COX15 promoter and ADH1 terminator in pRS415
Ref. 8
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expanded. Since then, our understanding has continued to
evolve as we learn that these supercomplexes likely do not
solely represent the cytochrome bc1 and cytochrome c oxidase
complexes, but potentially contain other regulators, assembly
proteins, and transporter proteins. Among the proteins identi-
fied within respiratory supercomplexes in S. cerevisiae are the
ADP/ATP carrier protein, AAC2 (36), the Tim23 inner mem-
brane translocase complex (37–39), the mitochondrial cardio-
lipin transacylase, Taz1 (40), and the cytochrome c oxidase
assembly factors Coa3, Shy1, and Cox14 (24, 41). In this report,
we add an additional cytochrome c oxidase assembly factor to
this list, heme a synthase (Cox15). Although only a small per-
centage of Cox15 is present in respiratory supercomplexes, this
is consistent with the distribution of many other nonrespira-
tory complex proteins found to associate with supercomplexes

(36 –39). It has been speculated that different pools of respira-
tory supercomplexes may exist that vary with respect to the
other interaction partners that associate with them (42, 43). It is
possible that Cox15 also exists in a particular subset of respira-
tory supercomplexes, but more work is needed to address this
question and, if so, determine whether Cox15 serves a particu-
lar purpose within that subset. Interestingly, whereas many of
the nonrespiratory complex proteins reported to associate
within supercomplexes are detected only under very mild sol-
ubilization conditions (0.5% digitonin) (36 –39), the presence of
Cox15 within respiratory supercomplexes is resistant to the
harsher solubilization conditions used in this study (1% digito-
nin). This reflects a stable, albeit modest association with res-
piratory supercomplexes.

Given that Cox15 is present within respiratory supercom-
plexes, it is reasonable to expect Cox15 to co-purify with cyto-
chrome c oxidase under nondenaturing conditions. Indeed, we
detected an interaction between Cox15-Myc and both the
Cox5a and Cox13 subunits of cytochrome c oxidase from WT
mitochondria. Given that the only known function of Cox15 is
to synthesize the heme a molecules that are utilized by cyto-
chrome c oxidase, it is further reasonable to hypothesize that
Cox15 should interact directly with monomeric forms of cyto-
chrome c oxidase. To date, however, no significant interaction
has been reported. Although Bareth et al. (10) reported that a
sub-stoichiometric amount of Cox15 may associate with the
early assembly intermediates that form with Cox1 and its
assembly factors, there was no evidence that Cox15 formed
stable interactions with fully assembled cytochrome c oxidase.
Likewise, in this work, we were not able to detect strong evi-
dence suggesting that Cox15 interacts with monomeric cyto-
chrome c oxidase. We discovered that Cox15 interacts directly
or indirectly with Cox13 and that these interactions persist
when supercomplexes are unable to form (�qcr8 mitochon-
dria). Furthermore, we were unable to detect co-immunopre-
cipitation between Cox15 and Cox5a outside of supercom-
plexes, although the co-immunoprecipitating bands between
Cox15 and Cox5a are weak even in the presence of supercom-
plexes. Therefore, although we cannot rule out the possibility
that Cox15 interacts with Cox13 within the IV* form of mono-
meric cytochrome c oxidase, which contains Cox5a, we favor
the conclusion that, in the absence of supercomplexes, Cox15
interacts with Cox13 in complexes lacking Cox5a that appear to
be of a higher molecular weight than the IV* monomeric cyto-
chrome c oxidase (Fig. 7A).

In contrast, we detected a clear interaction between Cox15
and the cytochrome bc1 protein, Cor1. Not only does Cox15
interact either directly or indirectly with Cor1 in WT mito-
chondria (presumably within supercomplexes), but Cox15 also
interacts with Cor1 in the absence of supercomplexes in �cox4
mitochondria, presumably within the cytochrome bc1 dimer
(Fig. 7B). Cox15 does not co-immunoprecipitate with Cor1
when cytochrome bc1 assembly is blocked (�qcr8 mitochon-
dria), implying that the two do not interact within Cor1 subas-
semblies of the bc1 complex. Co-immunoprecipitation between
Cox15-Myc and Cor1 is also maintained in mutants of Cox15
that are unable to produce heme a or are unable to oligomerize.
Interestingly, Rcf1 was also found to interact with Cor1 and

Figure 6. Blots of SDS-polyacrylamide gels following co-immunoprecipi-
tation of WT Cox15-Myc13, H431A Cox15-Myc13, and L-20 Cox15-Myc13
with native Cor1. Each Cox15-Myc variant was expressed from pRS415 under
the control of the native COX15 promoter in a �cox15 strain. A control co-
immunoprecipitation experiment using mitochondria from a �cox15 strain
carrying empty pRS415 is also shown. Due to the lower steady-state level of
Cox15-Myc L-20, 1.5 mg of mitochondria from this strain was used for co-
immunoprecipitation experiments instead of 1 mg. Total, Unbound, and Elu-
tions are as follows: for blots probed for Cox15-Myc, �0.5 �g of mitochondria
loaded on gel (Total), 0.05% of the unbound fraction loaded on gel (Unbound),
and 33% of total elution (Elutions); for blots probed for native Cor1, 5 �g of
mitochondria (Total), 0.5% of unbound fraction (Unbound), and 33% of elu-
tion (Elutions). All experiments were performed 2– 4 times (biological
replicates).
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other cytochrome bc1 proteins when cytochrome c oxidase
assembly was stalled (34, 35). The significance of the interaction
between Rcf1 and Cor1 is less resolved, however, as Rcf1 was
not found to migrate within any high-molecular weight com-
plexes in �cox4 mitochondria (31). It has been hypothesized
that perhaps Rcf1 acts as a bridge or a stabilizer between the
cytochrome bc1 and cytochrome c oxidase complexes (34, 35),
although this remains to be confirmed. The observation that
some Cox15 migrates with the III2/IV2 and III2/IV supercom-
plexes in WT mitochondria as well as with the cytochrome bc1
dimer in �cox4 mitochondria suggests a more stable direct or
indirect interaction between Cox15 and Cor1.

We observed in this study that the cytochrome c oxidase
proteins, Cox5a and Cox13, accumulate into what also appears
to be the cytochrome bc1 dimer in �cox4 mitochondria.
Although there is some debate as to when assembling cyto-
chrome c oxidase interacts with the cytochrome bc1 complex, it
has been either shown or postulated that partially assembled
complex IV is capable of interacting with complex III (24, 33).
Likewise, it has also been demonstrated that partially assem-
bled complex III can associate with complex IV (16, 33, 44). So,
it is possible that what appears to be Cox5a and Cox13 within
the cytochrome bc1 dimer in �cox4 mitochondria may reflect
partially assembled pools of cytochrome c oxidase subunits
associating with already dimerized cytochrome bc1 (Fig. 7B).
Mick et al. (24) reported the presence of a complex found in
�cox2 mitochondria, which they termed III2/IV* (and we refer
to as III2/IVpartial), that migrates just above the cytochrome bc1
dimer on their blue native gels. This III2/IVpartial complex could
be detected under steady-state conditions, and Shy1, Cyt1, and
Cox4 were all found to be within this complex of partially
assembled cytochrome c oxidase and dimerized cytochrome
bc1. It is possible that the Cox15–Cor1 interaction that we
detected in �cox4 mitochondria occurs within the cytochrome

bc1 dimer that reflects this III2/IVpartial complex (Fig. 7B).
Although it could be argued that Cox15 may be drawn into the
III2/IVpartial by Cox5a or Cox13, our co-immunoprecipitation
experiments did not detect any interaction between Cox15 and
either Cox5a or Cox13 in �cox4 strains, whereas a strong inter-
action with Cor1 was identified (Fig. 3B). Additionally, our BN-
PAGE data suggest that the Cox15 distribution within the
supercomplexes more closely models Cor1 than either Cox5a
or Cox13. This is most clearly observed in both �rcf1 and �rcf1/
rcf2 mitochondria, where Cox15 was no longer observed in the
upper III2/IV2 supercomplex but was shifted entirely into the
III2/IV complex or cytochrome bc1 dimer (Fig. 5C). Therefore,
based on the data presented in this study, it appears more likely
that an interaction with Cor1 is mediating the association of
Cox15 with either the cytochrome bc1 dimer or the III2/IVpartial

complex.
Why would a protein whose only known function is to syn-

thesize heme a for cytochrome c oxidase associate with Cor1
outside of supercomplexes? In fact, our data suggest that a por-
tion of Cox15 is specifically conserved in the cytochrome bc1
dimer when supercomplex formation is compromised. In �rcf1
and Cox5a-HA mitochondria, Cox15 associates within the
cytochrome bc1 dimer even though the III2/IV2 and III2/IV
supercomplexes are still present. Additionally, in �cox4 mito-
chondria, it appears as if all of the supercomplex-bound Cox15
shifts to the dimer of bc1 rather than being absorbed back into
the other lower-molecular weight Cox15 complexes. Perhaps
when supercomplex formation is hindered, a pool of Cox15 is
allocated to the bc1 dimer to remain positioned for hemylation
of Cox1 within supercomplexes. To support this hypothesis,
various studies have obtained results suggesting that cyto-
chrome c oxidase is capable of being assembled within the
supercomplexes (24, 25, 45, 46). If this is so, then perhaps
Cox15 is needed for the hemylation of Cox1 as it is being incor-

Figure 7. The protein complexes in which Cox15 likely participates that were observed within the supercomplex region on BN-PAGE in �qcr8, �cox4,
and �rcf1/�rcf2 mitochondria. In WT mitochondria, Cox15-Myc was found to associate within the III2/IV2 and III2/IV supercomplexes. A, in �qcr8 mitochon-
dria (cytochrome bc1 fails to assemble, but cytochrome c oxidase is present), Cox15 was found to interact with Cox13 from cytochrome c oxidase. Because we
cannot exclude the possibility that Cox15 is capable of interacting with Cox5a in �qcr8 mitochondria, the interaction with Cox13 in �qcr8 mitochondria may
occur either in the IV* form of monomeric cytochrome c oxidase or in complexes that are larger than monomeric cytochrome c oxidase, which contain Cox13
but lack Cox5a. B, in �cox4 mitochondria, cytochrome c oxidase no longer assembles, but dimeric cytochrome bc1 still forms. Cox15 was found to maintain its
interaction with Cor1 within the cytochrome bc1 dimer. The cytochrome bc1 dimer may be in association with cytochrome c oxidase subunits, such as Cox13
and Cox5a. C, in �rcf1/�rcf2 mitochondria, the III2/IV2 supercomplex is somewhat destabilized, and a buildup of the cytochrome bc1 dimer occurs. The
association of Cox15 with the III2/IV2 supercomplex was also somewhat destabilized, and, like Cor1, Cox15 was found to associate with the cytochrome bc1
dimer, which may also be in association with some cytochrome c oxidase subunits.
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porated into supercomplexes. Alternatively, recent reports
have speculated that Cox15 may have an additional role within
the cell in addition to the production of heme a for Cox1 due to
the observations that Cox15 forms separate protein complexes
from Cox10, the protein that functions immediately upstream
in the heme a biosynthetic pathway, and that the Cox15 com-
plexes form even in the absence of Cox1 or heme o (8, 10, 20,
47). Additionally, it has been demonstrated that Cox15 protein
levels are 8 –10 times higher than that of Cox10 (48). Further
elucidating the reason why Cox15 remains associated with
Cor1 in the cytochrome bc1 dimer, even in the absence of super-
complexes, may shed more light on a potential alternative func-
tion of Cox15 and may reveal the role that Cox15 serves within
the respiratory supercomplexes.

In summary, we have found that not only does Cox15 asso-
ciate within respiratory supercomplexes, it also is capable
of interacting with Cor1 within the cytochrome bc1 dimer
when supercomplex formation is compromised. Furthermore,
whereas Cox15 and Cox13 also interact when supercomplex
formation is compromised, the locations of these interactions
were not as readily discernable as those between Cox15 and
Cor1, thus highlighting a unique and unexpected relationship
between Cox15 and the cytochrome bc1 complex.

Experimental procedures

Yeast strains and cloning

The S. cerevisiae strains described in this paper are deriva-
tives of DY5113 (MATa, ade2�, can1�, leu2�, ura3�, trp1�,
his�) and were generated within this strain or in a DY5113
strain containing COX15 with a genomic C-terminal Myc13
epitope (Table 2). All cloning was performed genomically by
homologous recombination of gene-targeted PCR-amplified
cassettes via the lithium acetate method of yeast transforma-
tion (49, 50). RCF2 and COX15 were deleted by replacement
with the kanMX6 cassette from the pFA6a vector (51), and all
other gene deletions were made by replacement with the URA3
cassette obtained from pBS1539 (Min-Hao Kuo, Michigan
State University). C-terminal tagging of COR1, CYT1, COX5A,
and COX13 utilized the 3� HA-TRP1 cassette from pFA6a
(51).

All plasmids used in the Cox15 mutant studies were a kind
gift from Dr. Oleh Khalimonchuk (University of Nebraska, Lin-
coln, NE). The plasmids were expressed in a �cox15 DY5113
background (Table 2).

Cell growth and mitochondrial isolation

Unless otherwise specified, yeast cultures were grown at
30 °C while shaking for 20 h in liquid YPD medium (1% yeast
extract, 2% peptone (tryptone), and 2% glucose). To enhance
formation of III2/IV and III2/IV2 supercomplexes for better
visualization in BN-PAGE experiments, yeast cultures were
occasionally grown to mid-log phase in liquid medium contain-
ing 1% yeast extract, 2% peptone, 2% galactose, and 0.5% lactate
(19, 21), as noted in the appropriate figure captions. For both
WT and mutant Cox15-Myc expressed from the pRS415 plas-
mid, yeast cultures were grown in synthetic medium lacking
leucine. Crude mitochondria were isolated as described previ-
ously (52, 53).

Respiratory competence

The respiration competency of the �cox15 pRS415 strains
was tested as described previously (8). Briefly, cells were grown
in liquid synthetic medium (2% galactose, 0.1% glucose), nor-
malized to an A600 of 0.3, and then serially diluted and spotted
onto plates containing 2% glycerol and 2% lactate.

Blue native PAGE

BN-PAGE was performed as described previously (54).
Briefly, mitochondria were solubilized for 15 min on ice in 10 �l
of digitonin-containing buffer (20 mM Tris (pH 7.4), 0.1 mM

EDTA, 50 mM NaCl, 10% (v/v) glycerol, 4 mM phenylmethylsul-
fonyl fluoride, and 1% (w/v) digitonin) per 10 �g of starting
mitochondria. Solubilized mitochondrial proteins were clari-
fied via centrifugation at 12,000 � g for 15 min. Following cen-
trifugation, 0.1 �l of sample buffer (5% Coomassie Brilliant Blue
G-250, 500 mM 6-aminohexanoic acid, 0.1 mM BisTris (pH 7.0))
per 1 �g of starting mitochondria was added to the clarified
supernatant. Samples were loaded on a 4 –15% gradient poly-
acrylamide gel (Bio-Rad mini-PROTEAN-TGX system). Elec-
trophoresis was conducted at 130 V for 6 h in cathode buffer
containing 50 mM Tricine, 7.5 mM imidazole, 0.02 g of Coomas-
sie Brilliant Blue G-250 (pH 7.0), and anode buffer containing
25 mM imidazole (pH 7.0). The gel was then electroblotted for
3 h at 60 V in buffer containing 50 mM Tricine and 7.5 mM

imidazole (pH 7.0). Before immunodecoration, the membrane
was washed in 100% methanol for 5 min to remove Coomassie
dye and rinsed with Tris-buffered saline (25 mM Tris-HCl (pH
7.5), 150 mM NaCl, and 27 mM KCl). For molecular weight esti-
mation, the gel lane containing the ladder (GE Healthcare, cat-
alog no. 17-0445-01) was excised, stained (2.5% Coomassie Bril-
liant Blue, 10% acetic acid, 25% methanol), and destained
(10% acetic acid, 25% methanol). Swelling and shrinking of
the gel slice during the staining and destaining procedure
was accounted for when aligning with electroblotted protein
complexes.

When analyzing the distribution of SDS-treated Cox15 on
BN-PAGE, mitochondria were first solubilized with 1% SDS at
4 °C in buffer containing 50 mM NaCl, 50 mM imidazole, 5 mM

6-aminohexanoic acid, and Roche protease inhibitor. Following
SDS solubilization, BN-PAGE was performed as described
above.

2D blue native/SDS-PAGE of purified Cox15-Myc followed by
MS

Mitochondria were prepared from 1.8 liters of S. cerevisiae
containing C-terminal genomic Myc-tagged Cox15 (Cox15-
Myc) grown in YPD (using tryptone as mentioned above).
Mitochondria were solubilized for 2 h in 600 mM sorbitol, 20
mM HEPES, 4.1% digitonin, 150 mM NaCl, and Roche protease
inhibitor in a 5-ml total volume. Solubilized mitochondrial pro-
teins were clarified via centrifugation at 12,000 � g for 30 min
and added to 300 �l of anti-c-Myc resin (Sigma, A7470). Lysate
and resin were incubated overnight at 4 °C, washed eight times
with 1 ml of phosphate buffer (137 mM NaCl, 27 mM KCl, 100
mM Na2HPO4, 18 mM KH2PO4), and eluted in 10 1-ml fractions
of PBS containing 0.1 mg/ml c-Myc peptide and 0.1% digitonin.
Each elution fraction was incubated with resin for 5 min
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before collecting. Elution fractions containing Cox15-Myc
were pooled and concentrated using an Amicon 10 MWCO
membrane until the total volume was reduced to 80 �l. The
buffer was exchanged by adding 500 mM 6-aminohexanoic acid
and 200 mM NaCl to a final volume of 200 �l, centrifuging at
14,000 � g (4 °C) to a final volume of about 80 �l, and repeating.
Following buffer exchange, the sample was adjusted to 150 �l,
followed by the addition of 0.02% Ponceau and 10% glycerol (final
concentrations). BN-PAGE was run as described previously. After
BN-PAGE, a lane was excised and mounted to the top of an SDS-
polyacrylamide gel. Following electrophoresis, the gel was silver-
stained using the Proteosilver kit (Sigma). Protein bands of interest
were excised, hydrolyzed by in-gel tryptic digest, and analyzed by
MS (LC-MS/MS) as described previously (55).

BN-PAGE of Cox15-Myc complexes in the presence of
cycloheximide

To analyze the presence of Cox15-Myc within supercom-
plexes following stalled nuclear translation, 250-ml cultures of
SSA1::HA/COX15::MYC in YPD were started from 5-ml over-
night cultures. The 250-ml cultures were allowed to grow for
20 h post-inoculation. Cycloheximide was then added to each
culture (150 �g/ml), and cultures were harvested at various
time points up to 24 h after cycloheximide addition. In previous
unpublished work,3 we noted that the cytosolic heat shock pro-
tein, Ssa1, could be co-purified with our isolated crude mito-
chondria, so mitochondria were prepared as described above,
and BN-PAGE was used to monitor the presence of Cox15-Myc
within respiratory supercomplexes. SDS-PAGE of both Cox15-
Myc and Ssa1-HA was used to monitor steady-state protein
levels following cycloheximide addition.

Co-immunoprecipitation

For the anti-Myc co-immunoprecipitation experiments pull-
ing down Cox15-Myc and probing for associated HA-tagged
proteins, 1 mg of mitochondria was solubilized in 200 �l of
buffer (4.1% digitonin (Sigma, D141), 150 mM NaCl, Roche Pro-
tease Inhibitor) for 2 h at 4 °C on a rocking platform. Samples
were centrifuged for 30 min at 9,600 � g to pellet unsolubilized
material. Solubilized mitochondria were added to 25 �l of anti-
Myc agarose (Sigma, A7470) and allowed to incubate overnight
at 4 °C on a rocking platform. After collecting the unbound
fraction, the anti-Myc resin was washed eight times with 1 ml of
PBS. Protein was eluted by adding 30 �l of 2� SDS loading dye
to the resin and rocking at 4 °C for 10 min, three times. A final
elution was performed by boiling the resin for 5 min at 100 °C in
30 �l of 2� SDS loading dye.

Anti-Myc co-immunoprecipitation experiments pulling down
Cox15-Myc that required the use of antibodies recognizing
native Cor1 were performed as described above except an alter-
native anti-Myc agarose was used (Thermo, catalog no. 20168)
due to cross-reactivity of the original agarose with the second-
ary antibodies at the same molecular weight as Cor1. Briefly,
solubilized lysate was added to a 25-�l resin volume and incu-
bated overnight at 4 °C on a rocking platform. The resin was
washed six times with 500 �l of TBST (0.05% Tween 20), and

the protein was eluted by adding three additions of 30 �l of 50
mM NaOH while rocking at room temperature. A final elution
was collected by boiling the resin for 5 min with 30 �l of 2�
SDS-PAGE buffer.

Co-immunoprecipitation experiments using WT and
mutant Cox15-Myc expressed from the pRS415 plasmid
were performed as described above for experiments using
native Cor1. Due to a decrease in L-20 Cox15-Myc steady-
state levels, however, 1.5 mg of mitochondria was used for
co-immunoprecipitation.

For all co-immunoprecipitation experiments, samples were
separated by SDS-PAGE followed by transfer to polyvinylidene
difluoride (PVDF) membranes. Control co-immunoprecipitation
experiments were conducted in strains in which Cox15 was
untagged to ensure that the positive interactions observed were
not artifacts.

Immunodetection

The commercially available primary antibodies utilized in
these studies were anti Myc (Thermo, catalog no. R950-25; lot
1827713), anti-HA (Thermo, catalog no. 26183), and anti-porin
(Thermo, catalog no. 459500). Primary antibodies that recog-
nized native proteins were a kind gift from Dr. Martin Ott
(Stockholm University). All primary antibodies were validated
as described in the legend to Fig. S1. The secondary antibody
utilized following the anti-Myc, anti-HA, and anti-porin anti-
bodies was goat anti mouse (Pierce, catalog no. 31430; lot
PF202430). For the blots probing native proteins, the goat anti
rabbit (Abcam, catalog no. 6721; lot GR169100-2) antibody was
used. Supersignal West Pico (Thermo, catalog no. 34080) was
used following SDS-PAGE to visualize blotted proteins on
PVDF membranes. Following BN-PAGE of Cox15-Myc, a
homemade chemiluminescent solution (Solution A: 100 mM

Tris-Cl (pH 8.5), 2.5 mM luminol, 0.4 mM p-coumeric acid;
Solution B: 100 mM Tris (pH 8.5), 0.06% of 30% H2O2) was used
for visualizing protein bands on PVDF membranes. All blots
were exposed to HyBlot autoradiography film or imaged with a
Chemi-Doc MP imager (Bio-Rad).
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