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Background: Yeast mitochondrial cytochrome oxidase has been proposed to assemble from three modules.
Results: The Cox1 module assembles independently of the two other modules and contains mitochondrial- encoded Cox1p and

three nuclear encoded subunits.

Conclusion: The composition of the Cox1p module reflects the subunit interactions in the holoenzyme.
Significance: Cytochrome oxidase is assembled from several rather than a single linear pathway.

Mitochondrial-encoded Cox1p, one of the three core subunits
of yeast cytochrome oxidase (COX), was previously shown to
associate with regulatory proteins and nuclear-encoded sub-
units into five high molecular weight complexes that were pro-
posed to constitute the pathway for biogenesis of the Coxlp
assembly module. One of the intermediates (D5) was inferred,
but not directly shown to exist. In the present study mitochon-
dria of strains expressing C-terminal-tagged subunits of COX
that had not been looked at previously were pulse-labeled and
analyzed for the presence of newly translated Coxlp in the
immunoprecipitates. These studies revealed that of the eight
nuclear-encoded COX subunits, only Cox5ap, Cox6p, and
Cox8p are present in the Coxlp module. Both Cox5ap and
Cox8p share interfaces with Cox1p in the holoenzyme, whereas
Cox6p interacts indirectly through Cox5ap. These results sug-
gest that the subunit contacts in the holoenzyme are probably
established during biogenesis of the Cox1p module. To confirm
the existence of the largest Cox1p intermediates (D5), which was
only inferred previously, radiolabeled Cox1p with a C-terminal
tag was expressed in COX-deficient pet111 and pet494 mutants.
Pulldown assays confirmed the presence of newly translated
Cox1p in D5, which in wild type cannot be demonstrated
directly because of its co-migration with COX in the native elec-
trophoresis system used to separate the intermediates. Jointly,
the results of these analyses substantiate our previous proposal
that COX is assembled from separate assembly modules, each
containing one of the mitochondrial-translated core subunits in
association with a unique set of nuclear-encoded subunits.

Cytochrome oxidase (COX) is the terminal complex of mito-
chondrial and bacterial respiratory chains. The catalytic core of
COX consists of Cox1p, Cox2p, and Cox3p, which are products
of mitochondrial DNA (mtDNA) in fungi and animal mito-
chondria (1). In addition to the core subunits, the mitochon-
drial enzyme contains eight other subunits that are absent in
bacteria. This group of proteins is encoded in nuclear DNA,
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translated on cytoplasmic ribosomes, and routed to the appro-
priate mitochondrial compartments. Although the functions of
the latter proteins are not known, studies in yeast indicate that
with a few exceptions, they are required for assembly and sta-
bility of an optimally active enzyme (2, 3).

Biogenesis of yeast COX is a regulated process requiring a
balanced output of the mitochondrial and nuclear gene prod-
ucts. In Saccharomyces cerevisiae, the rate of Cox1p translation
is adjusted to its utilization during assembly of the holoenzyme
(4-7). The regulation depends on several accessory proteins.
Foremost is Mss51p, a Cox1p-specific translational activator
that interacts not only with the COX1 mRNA to initiate trans-
lation but also with the protein product itself (8). The Cox14p-
Coa3p complex and Coalp also play important roles in trans-
lational regulation by stabilizing the Cox1p-Mss51p interaction
(4, 9, 10) and preventing aggregation of unassembled Coxlp
with other hydrophobic proteins (11). Sequestration of Mss51p
in this complex prevents it from exercising its function as a
translational activator of the mRNA until it is released during
recruitment of Cox1p for COX assembly.

Five assembly intermediates (D1-D5) have been detected by
immunoprecipitation of tagged Cox1p from digitonin extracts
of yeast mitochondria pulse-labeled in vitro with radioactive
amino acids (12). The complexes differ both in size and abun-
dance and in pulse-chase experiments display a precursor-
product relationship with COX. Several approaches have been
used to study the compositions of Cox1p intermediates (6, 8,
12). An early intermediate was shown to consist of Cox1p com-
plexed to Ssclp (6). Other Coxlp intermediates contain
Mss51p, Cox14p, Coa3p, Coalp, and subunits 5a and 6 of COX
(4, 8,9, 12, 13). Based on pulse-chase analysis of the intermedi-
ates in isolated mitochondria, we proposed that COX is assem-
bled from three different modules, each containing one of the
core proteins with its own unique complement of nuclear-en-
coded subunits and/or regulatory/assembly factors (12).

The present studies were undertaken to answer several ques-
tions related to the Cox1p assembly module. The first was to deter-
mine if in addition to Cox5ap and Cox6p, this module contained
other nuclear-encoded subunits for the purpose of gaining a better
understanding of the relationship between the composition of the
Coxl1p intermediate(s) and the known subunit contacts Cox1p
makes in the holoenzyme. Second, we examined if the mutation in
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TABLE 1
Genotypes and sources of S. cerevisiae strains
Strain Genotype mtDNA Source

W303-1A MATa ade2-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 p* -
W303-1B MATa ade-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 p" -
DFK160/COX1-HAC MAT « karl-1 ade-10 arg8::URA3 lys2 leu2Aura3—52 COXI-HAC,p ™" (12)
MRSI°/COX1-HAC MAT« ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1arg8:HIS3 COXI-HAC (12)
aW303ACOX7 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox7::URA3 p* (4)
aW303/COX7-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox7:URA3 trp1:pG199/ST10 p”" This study
aW303ACOX7/COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox7:URA3 COX1-HAC This study
aW303ACOX8 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox8::HIS3 p* This study
W303ACOX8 MAT« ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox8:HIS3 p”" This study
aW303ACOX8/COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox8::HIS3 COXI-HAC allele  This study
W303/COX8-HAC MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cox8::HIS3 ura3:pCOX8/ST9 p" This study
aW303ACOX12 MATa ade-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 cox12::HIS3 p”" This study
aW303ACOX12/COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox12::HIS3 COXI-HAC allele  This study
W303/COX12-HAC MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cox8::HIS3 ura3:pCOX12/ST4 p" This study
aW303ACOX13 MATa ade-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 cox13::HIS3 p" This study
aW303ACOX13/COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cox13::HIS3 COXI-HAC allele  This study
W303/COX13-HAC MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cox8::HIS3 ura3:pCOX13/ST4 p" This study
aW303ARCF1 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 rcfl::HIS3 p* This study
aW303ARCF1/COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 rcfl::HIS3 COXI-HAC allele  This study
W303/RCF1-HAC MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cox8::HIS3 ura3::pRCF1/ST4 p" This study
aW303ARCF2 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 rcf2::HIS3 p* This study
aW303ARCF2/COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 rcf2::HIS3 COXI-HAC allele  This study
W303/RCF2-HAC MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cox8::HIS3 ura3:pRCF2/ST4 p" This study
aW303ACYC1 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cycl::HIS3 p" (14)
aW303ACYC7 MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cycl:: TRP1 p” (14)
aW303ACYC1,CYC7 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cycl:URA3 cyc7:TRPI1 p" (14)
aW303ACYC1,CYC7 ACOX14 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cycl:URA3 cyc7:TRPI cox14:HIS3 p * This study
aW303ACYC1,CYC7/COX1-HAC  MATa ade-1 his3-1,15 leu2-3,112 trpI-1 ura3-1 cycl:URA3 cyc7:TRP1 COX1-HAC allele  This study
aMRSI°’APET111 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1arg8::HIS3 pet111::HIS3 p (4)
aMRSAPET111/ COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1arg8::HIS3 pet111::HIS3 COX1-HAC allele  This study
aMRSAPET494 MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1arg8::HIS3 pet494::HIS3 p* This study
aMRSAPET494/ COX1-HAC MATa ade-1 his3-1,15 leu2-3,112 trp1-1 ura3-1arg8::HIS3 pet494::HIS3 COX1-HAC allele  This study

“R. Rothstein, Dept. of Human Genetics and Development, Columbia University.

TABLE 2

Primers for construction of null alleles and hybrid genes expressing tagged proteins

Primer name

Primer sequence

Primers used to amplify gene plus 5'- and 3'-flanking sequences

cox7-1 5'-GGCAGATCTCAGTTATTTACCTTCCTTTCTC
cox1-1 5'-GGCGAGCTCGGAAAGCAAAGCTCTAAATGA
cox12-2 5'-CGGCTGCAGTTCTCAACATGTTCAGCGTTT
cox13-1 5'-GGCGAGCTCTTAAACACTACTAATGTAATT
cox13-2 5'-CGGCTGCAGTAGATTTGCCCCTCATTGAAA
rcfl-1 5'-GGCGAGCTCACAGCCCAAGATAGAGTACAA
rcfl-2 5'-CGGCTGCAGTCGCTTGACCATATAGTAAAT

ref-1 5'-GGCGAGCTCCATGTATGTGTAGATATGTAC
rcf2-2 5'-CGGCTGCAGCCTCGTCGTCCACTGTTATAG

Bidirectional primers used to delete coding sequence

cox12-3 5'-GGCGGATCCGGATCTTAGTTTCGTTTTTAG
cox12-4 5'-GGCGGATCCGTCTATTATACTGTATTTATG
cox13-3 5 -GGCGGATCCTTAATTGATTAAGTGAGAATA
cox13-4 5'-GGCGGATCCTTTTCTATTGTTTGTTATTTG
rcfl-3 5'-GGCGGATCCTTTGGCTCTTCGATTTGCTGT
rcfl-4 5'-GGCGGATCCCTTGAACGTATAACTGTGATG
Ref2-3 5'-GGCGGATCCACCTCGTCGGTTTATCTGCCT
rcf2-4 5'-GGCGGATCCTGTGCGATGTTGGTGAGTATC

Primers used to add HA and protein C epitope tags
cox7-HA
cox7-C
cox12-HA
cox12-C
cox13-HA
cox13-C
rcfl-HA
rcfl-C
rcf2-HA
rcf2-C

5'-GCCTGCAGTCAAGCGTAGTCTGGGACGTCGTATGGGTATGCCTTCTTGGCTTTGATACC
5'-GGCGGTACCTCATTTACCATCGATTAATCTTGGATCTACTTGATCTTCTCCTCCAGCGTAGTCTGGGACGTCGTATGG
5'-GGCCTGCAGTCAAGCGTAGTCTGGGACGTCGTATGGGTAGTCTGAGTTGATATCACCTGC
5-GGCCTGCAGTCATTTACCATCGATTAATCTTGGATCTACTTGATCTTCTCCTCCAGCGTAGTCTGGGACGTCGTATGG
5'-GGCCTGCAGTCAAAGCGTAGTCTGGGACGTCGTATGGGTAATCGTCGTGCTCGATGTGCCT’
5'-GGCCTGCAGTCATTTACCATCGATTAATCTTGGATCTACTTGATCTTCTCCTCCAGCGTAGTCTGGGACGTCGTATGG
5'-GCCTGCAGTCAAGCGTAGTCTGGGACGTCGTATGGGTACTTCTTTCCAAGCTTATTTTC
5'-GGCCTGCAGTCATTTACCATCGATTAATCTTGGATCTACTTGATCTTCTCCTCCAGCGTAGTCTGGGACGTCGTATGG-3'
5'-GCCTGCAGTCAAGCGTAGTCTGGGACGTCGTATGGGTACGACTTGAAGATCTTGGAGTT
5'-GGCCTGCAGTCATTTACCATCGATTAATCTTGGATCTACTTGATCTTCTCCTCCAGCGTAGTCTGGGACGTCGTATGG-3'

these subunits affected the steady-state distribution of Cox1p in
the different Cox1p intermediates. Last, we sought to obtain addi-
tional evidence for the existence of the largest Cox1p intermediate
(D5), which was inferred to exist but was not demonstrated
directly in the prior study (12).
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MATERIALS AND METHODS

Strains and Growth Media—The genotypes and sources of
the strains of S. cerevisiae are listed in Table 1. The composi-
tions of solid and liquid YPD (yeast extract/peptone/dextrose),
YPGal (yeast extract/peptone/galactose), and YEPG (yeast
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FIGURE 1. Properties of yeast-expressing Cox8p double-tagged with HA and a protein C epitope. A, the wild type W303-1B, the respiratory competent
haploid strain MRSI°/COX1-HAC expressing Cox1p-HAC, the cox8 null mutant, and transformant (W303/COX8-HAC) expressing Cox8p-HAC were serially
diluted and spotted on rich glucose (YPD) and rich glycerol/ethanol (YEPG) plates. The plates were incubated at 30 °C for 2 days. B, W303/COX8-HAC expressing
Cox8p-HAC was grown in rich 2% galactose medium (YPGal) to early stationary phase. Mitochondria were prepared, and the equivalent of 20 n.g of protein was
separated by SDS-PAGE on a 15% polyacrylamide gel. Proteins were transferred to nitrocellulose and probed with a monoclonal antibody against the HA tag.
C, mitochondria from the indicated strains were suspended at 10 mg of protein/ml of extraction buffer and mixed with 1.2 volumes of 4% digitonin in extraction
buffer as described under “Materials and Methods.” The suspension was centrifuged at 100,000 X g,,, and samples of the supernatants representing 80 ug of
starting mitochondrial protein were separated by BN-PAGE on a 4-13% polyacrylamide gel (left panel). Samples of the digitonin extracts were also purified on
protein C antibody beads before BN-PAGE (right panel). The gel was stained for COX activity in a solution containing 0.5 mg/ml DAB and 1 mg/ml horse heart
cytochrome c for several h. D, cytochrome spectra were recorded at room temperature after extraction of mitochondria at a protein concentration of 5 mg/ml
with potassium deoxycholate (27). The positions of the « absorption bands are indicated.

extract/peptone/glycerol/ethanol) used to grow wild type and
mutant yeast have been described (15).

Construction of a COX8 Null Allele—COX8 with ~500 bp of
5" and 3’ sequences was amplified from W303-1A nuclear DNA
with primers Cox8-1, 5'-ggcgagtctgcaagcatcaagagcaataa, and
Cox8-2, 5'-ggcgagctcactcattgcaacaaagtaaac. The 1.3-kb PCR
fragment was digested with Sacl and cloned into pUC19. The
resultant plasmid (pCOX8/ST1) was used as a template for
removal of the COX8 coding sequence with the bidirectional
primers Cox8-3, 5'-ggcggatcctgegtaatggaaatggataacttttctgtt,
and Cox8-4, 5'-ggcggatccacccccataagtttgaaggatagatgtgt. The
amplified plasmid plus COX8 flanking sequences was digested
with BamH]1 and ligated to a 1-kb BamH1 fragment containing
the yeast HIS3 gene to yield pCOX8/ST5. The Sacl fragment
with the cox8::HIS3 null allele plasmid obtained from pCOX8/
ST5 was used to introduce the null allele into W303-1A and
W303-1B by homologous recombination (16). Histidine-inde-
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pendent clones obtained from the transformation were verified
to have the null allele by PCR amplification of nuclear DNA
with primers Cox8-1 and Cox8-2. Similar protocols were used
to obtain null alleles of COX12, COX13, RCFI, and RCF2 (the
sequences of the primers used for these constructs are
described in Table 2).

Construction of COX8-HAC—To construct the COX8-HAC
allele expressing Cox8p with a C-terminal tag consisting of HA
followed by the protein C epitope, the 5'-UTR plus coding
sequence was first amplified from W303-1A nuclear DNA with
primers Cox8-1 and Cox8-5, 5'-tgactgcagtcaagcgtaatctgggacg-
tcgtatgggtaaaaagcacctgactttttcaa. The resultant fragment was
used as a template for the addition of a sequence coding for the
protein C tag with primers Cox8-1 and Cox6-C, 5'-ggcctgcag-
tcatttaccatcgattaatcttggatctacttgatcttctcctccagegtagtctgggacg-
tcgtatgg. The PCR product was digested with Sacl plus Pstl and
cloned in YIp352 (17) to yield pCOX8/ST9. The latter construct
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FIGURE 2. Cox8p is a component of the Cox1p module. A, mitochondria were prepared from the wild type W303-1B and the respiratory competent haploid
strains MRSI°/COX1-HAC and W303/COX8-HAC expressing, respectively, Cox1p and Cox8p with C-terminal HAC tags and from the cox8 null mutant
aW303ACOX8/COX1-HAC harboring mtDNA with COX1-HAC. Mitochondria were labeled for 20 min as described under “Materials and Methods,” and samples
of the digitonin extracts and the fraction eluted from the protein C antibody beads (PC eluate) were separated by SDS-PAGE on a 17% polyacrylamide gel,
transferred to nitrocellulose, and exposed to x-ray film. The radiolabeled mitochondrial gene products are identified in the margins. B, the protein C eluates
obtained in A were separated by BN-PAGE on a 4-13% polyacrylamide gel, transferred to a PVDF membrane, and exposed to x-ray film. The bands correspond-
ing to the supercomplexes, COX, and the D1-D5 Cox1p intermediates identified previously (12) are indicated in the margin. C, the protein C antibody eluates
obtained in A were separated in the first dimension as in B. A slice of the gel containing the separated proteins was equilibrated with stacking gel buffer (23),
layered on a 12% polyacrylamide gel, and separated by SDS-PAGE in the second dimension. Proteins were transferred to a PYDF membrane and exposed to
x-ray film. The radiolabeled bands separated under native conditions are identified above the gels and in the denaturing gel on the left margins. As discussed
previously, the non-stoichiometric incorporation of newly radiolabeled Cox1p into the supercomplexes is probably a consequence of dilution by the large
steady-state concentrations of unlabeled Cox1p intermediates present in mitochondria (12).

was linearized at the unique Ncol site in L/RA3 and integrated at
the ura3 locus of the cox8 null mutants W303ACOX8 and
aW303ACOXS8.

Preparation of Mitochondria and Labeling of Mitochondrial
Gene Products—Mitochondria were prepared by the method of
Herrmann et al. (18) from yeast grown in rich galactose
medium (YPGal) to early stationary phase. Mitochondria were
labeled with a mixture of [**S]methionine and [*°S]cysteine
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(3000 Ci/mmol, MP Biochemicals, Solon, OH) (19), and tagged
proteins were extracted and purified on protein C antibody
beads (Roche Applied Sciences) as described previously (12).
The details of individual experiments are included in the leg-
ends to the figures.

Miscellaneous Procedures—Standard procedures were used
to prepare and ligate DNA and to transform Escherichia coli
(20). Mitochondrial gene products were labeled in whole cells
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FIGURE 3. Properties of yeast expressing HAC tagged Cox7p and analysis of Cox1p intermediates in a cox7 mutant. A, the indicated mutants and
transformants were serially diluted and spotted on rich glucose and rich glycerol/ethanol media. B, total mitochondrial proteins (20 ug of protein) W303/

COX7-HAC, a respiratory-competent haploid strain with an integrated copy of

COX7-HAC and from MRSI®/COX1-HAC expressing Cox1p-HAC, were separated

by SDS-PAGE, and proteins were blotted and probed with a monoclonal antibody against the HA tag as in Fig. 1B. C, digitonin extracts of mitochondria from the
indicated strains were purified on protein C antibody beads, and the eluates equivalent to 80 ug of starting mitochondria, were separated by BN-PAGE on a
4-13% polyacrylamide gel. The gel was stained for COX activity as in Fig. 1C. D, mitochondria were labeled. and digitonin extracts were purified on protein C
antibody beads as in Fig. 2A. The digitonin extracts and eluates from the beads (PC eluates) were separated by SDS-PAGE on a 17% polyacrylamide gel and
exposed to x-ray film after transfer to nitrocellulose. £, the antibody eluates were separated by BN-PAGE on a 4-13% polyacrylamide gel and exposed to x-ray

film after transfer to a PVDF membrane.

as described previously (21). The lithium acetate method of
Schiestl and Gietz (22) was used to transform yeast. Proteins
were separated by SDS-PAGE on different concentrations of
polyacrylamide gels in the buffer system described by Laemmli
(23). Mitochondrial protein complexes were separated under
non-denaturing conditions by BN-PAGE? on 4 —13% polyacryl-
amide gels (24). The second dimension in SDS-PAGE was run
on 12% polyacrylamide gels. Western blots were treated with
antibodies against the appropriate proteins followed by a sec-
ond reaction with anti-mouse or anti-rabbit IgG conjugated to
horseradish peroxidase (Sigma). Proteins were detected with
the SuperSignal chemiluminescent substrate kit (Pierce). Pro-
tein concentrations were estimated by the method of Lowry et
al. (25).

RESULTS

Association of Cox8p (subunit 8) with the Coxlp Assembly
Module—Yeast expressing a subset of COX subunits and
assembly factors tagged at their C termini with HA followed by
the protein C epitope were previously used to examine the com-
positions of different Cox1p intermediates (12). The interme-
diates were analyzed by native gel electrophoresis of the tagged

2The abbreviation used is: BN-PAGE, blue native PAGE.
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proteins immuno-adsorbed from digitonin extracts of isolated
mitochondria labeled in organello with radioactive amino acids.
The same approach was used in this study to analyze Coxlp
intermediates for the presence of Cox8p, the only nuclear-en-
coded subunit other than Cox5ap in direct contact with Cox1p
in the holoenzyme (26).

W303/COX8-HAC, a cox8 null mutant harboring a chromo-
somally integrated copy of COX8-HAC, was verified to express
Cox8p with a C-terminal HAC tag and, based on its growth on
rich glycerol/ethanol, in-gel enzyme activity, and spectra of
mitochondrial cytochromes, to contain normal amounts of
COX (Fig. 1, A-D). Mitochondria of this strain were labeled
with [**S]methionine plus cysteine. After extraction with digi-
tonin, Cox8p-HAC was purified on protein C antibody beads.
The same protocol was used with mitochondria expressing
Cox1p-HAC in the respiratory-competent haploid strain
MRSI°/COX1-HAC and in the cox8 mutant aW303ACOX8/
COX1-HAC. Labeled mitochondrial gene products associated
with Cox8p-HAC and Cox1p-HAC in the fractions eluted from
the antibody beads were analyzed by SDS-PAGE and by BN-
PAGE. The eluates from mitochondria with either tagged
Cox8p or Coxlp were enriched for newly translated Cox1p,
Cox2p, and Cox3p (Fig. 24). The one-dimensional BN-PAGE
showed the expected radiolabeled intermediates D1-D5 in the
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FIGURE 4. Properties and analysis of Cox1p intermediates in respiratory competent cox12, cox13, rcf1, and rcf2 mutants. A, wild type, mutants, and
transformants expressing the HAC-tagged protein were serially diluted, spotted on rich glucose (YPD) and rich glycerol/ethanol (YEPG) media, and incubated
at 30 °C either for 4 days (upper panel) or 2 days (lower panel). B, mitochondria (25 g of protein) from the indicated strains expressing Cox12p, Cox13p, Rcf1p,
and Rcf2p with the C-terminal HAC tag were separated by SDS-PAGE on a 15% polyacrylamide gel, transferred to nitrocellulose, and probed with an antibody
against the protein C tag. C, mitochondria prepared from wild type and mutant strains grown to early stationary phase in YPGal were labeled and fractionated
as in Fig. 2A. Samples of the digitonin extracts and eluates from the protein C antibody beads (PC eluates) were separated on a 17% polyacrylamide gel by
SDS-PAGE, transferred to nitrocellulose, and exposed to x-ray film. The radiolabeled mitochondrial gene products of COX are identified in the margin. D, the
antibody eluates from C were separated by BN-PAGE on a 4-13% polyacrylamide gel, transferred to PVDF membrane, and exposed to x-ray film. E, mitochon-
dria of wild type and mutant strains in the W303 nuclear background containing the COX7-HAC hybrid gene in their mtDNA were labeled and fractionated on
protein C antibody beads as in Fig. 2A. The Cox1p-HAC-enriched fractions eluted from the beads were separated by SDS-PAGE on a 17% polyacrylamide gel,
transferred nitrocellulose, and exposed to x-ray film. The radiolabeled COX subunits are identified in the margin. F, the antibody eluates obtained in £ were
separated by BN-PAGE on a 4-13% polyacrylamide gel, transferred to a PVDF membrane, and exposed to x-ray. The radiolabeled supercomplexes COX and
Cox1p intermediates are identified in the margin.
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eluates from the two strains with double-tagged Cox1p-HAC
(Fig. 2B). The two-dimensional gels of the eluates from these
strains were very similar except that there was less newly trans-
lated Cox3p in COX and the supercomplex bands of the cox8
null mutant, indicating reduced COX assembly (Fig. 2C). This
is consistent with the growth property, the in-gel COX assay,
and the cytochrome spectrum of mitochondria of this strain
(Fig. 1, A, C, and D). The decrease of COX in the cox8 null
mutant suggests that C-terminal modification of Cox1p ren-
ders it less assembly-competent in the absence of Cox8p or
reduces the stability of the holoenzyme.

The antibody eluate obtained from the strain expressing
Cox8-HAC indicated co-immunoprecipitation of the D4
intermediate mainly, although some radiolabel was also
associated with D3 and D5/COX (Fig. 2, B and C, lower
panel). The radiolabel in D4 and D3 was contributed entirely
by Coxlp, whereas D5/COX contained both Coxlp and
Cox3p. The co-purification of the D3-D5 intermediates with
Cox8p-HAC confirms this subunit to be a constituent of the
Cox1 module.

Cox7p, Cox12p, Cox13p, Rcflp, and Ref2p Are Absent in the
Coxlp Assembly Intermediates—Cox1p intermediates were
also analyzed for the presence of other previously untested
COX subunits and assembly factors. These included subunits
Cox7p, Cox12p, and Cox13p and assembly factors Reflp and
Ref2p. Of the six genes, only the deletion of COX7 elicits a clear
respiratory deficiency (Fig. 3, A and C), whereas the deletion of
COX12 and RCFI only partially retarded growth on glycerol/
ethanol (Fig. 44). The gene for each protein, modified to
express its product with the HAC double tag, was cloned in an
integrative plasmid and introduced into the corresponding null
mutant by homologous recombination (16). Transformants,
verified to express the tagged proteins (Figs. 3B and 4B) grew as
well as wild type on non-fermentable carbon sources and dis-
played wild type COX activity, indicating that the modified pro-
teins were fair substitutes for the native subunits or factors
(Figs. 3, A and C, and 4A).

The association of the different subunits and accessory fac-
tors with Cox1p intermediates and the effect of each mutation
on the steady-state levels of the intermediates was assessed by
the pulldown assay described in the previous section for the
analysis of Cox8p. None of the antibody eluates obtained from
the strains expressing the tagged subunits and assembly factors
were enriched for Coxlp or Coxlp intermediates, indicating
that these subunits and accessory proteins are not components
of the Cox1p module (Figs. 3, D and E, and 4, C and D). The
antibody eluates of strains with tagged Cox7p, Cox13p, and
Rcflp, however, were enriched for newly translated Cox3p. The
interaction of Rcflp with Cox3p before its assembly into COX
has been reported (28). On a native gel the labeled Cox3p co-
immunoprecipitated with Rcflp-HAC separates into two dis-
tinct complexes, the more abundant of which migrates dis-
tinctly from the D1-D5 Coxlp intermediates (Fig. 4D).
Co-purification of Cox7p and Cox13p with Cox3p suggests that
these subunits may be components of another assembly mod-
ule containing Cox3p.

Each mutant was also made p° with ethidium bromide and
repopulated with mitochondrial DNA containing Cox1p-HAC
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FIGURE 5. Subunit contacts in COX. The COX gene numbers and the corre-
sponding subunit numbers are shown on the abscissa and ordinate. Direct
contact between subunits (sb.) is depicted by the gray squares. Interactions
through intermediary subunits such as Cox1p with Cox6 through Cox5a are
indicated in the white squares by the number of the intermediary subunit. The
contacts shown in the matrix are based on the structure of the bovine enzyme
(26).

by cytoduction with the karl donor strain DFK160/COX1-
HAC. Mutants in the four nuclear COX genes and two assem-
bly factors, each harboring a COXI-HAC in mtDNA, were
appraised for the effect of each mutation on the steady-state
levels of Coxlp intermediates. The results of these assays
revealed that the distribution of radiolabeled Cox1p among the
intermediates was the same in each mutant (Figs. 3, D and E,
and 4, E and F).

These together with previous results (12) indicate that
Cox5ap, Cox6p, and Cox8p are the only COX subunits associ-
ated with the Cox1p subassembly and that only the steady-state
level but not the relative abundance of the different Coxlp
intermediates is influenced by the absence of subunits that are
essential for assembly of the holoenzyme. The subset of nuclear
gene products in the Coxlp module is consistent with the
known subunit contacts in the holoenzyme (Fig. 5).

Cytochrome c Is Necessary for Optimal Translation of Coxlp
but Not for Formation of Cox1p Intermediates— Translation of
Cox1p is modulated by the efficiency with which it is assembled
with other subunits into functional COX (4—7). Mutants lack-
ing COX as a result of mutations in catalytic or structural sub-
units essential for assembly as well as in accessory factors
involved in synthesis or maturation of the three catalytic cen-
ters display a severe reduction in Cox1p translation (4). Trans-
lation of Cox1p in such mutants, however, is restored by muta-
tions in either COXI14 or COA3, presumably due to the
instability of the Cox1p-Mss51p interaction in the absence of
these proteins (4, 9, 10).

Even though cytochrome c is not an integral subunit of COX,
the absence of this protein also leads to a deficiency of the
enzyme (29). This is evident in mutants lacking both isoforms
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radiolabeled mitochondrial gene products are identified in the margins. B, mitochondria from the respiratory competent and double cyc7 and cyc7 mutant
expressing Cox1p-HAC were labeled for 20 min with [**SImethionine plus cysteine as described under “Materials and Methods.” The mitochondria were
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gel, transferred to a PVDF membrane, and exposed to x-ray film.

of cytochrome c or the lyase that catalyzes covalent attachment
of protoheme to apocytochrome ¢ (30). Furthermore, the
requirement of cytochrome c is structural in nature and inde-
pendent of the ability of the protein to function in electron
transport (14). The odd requirement of cytochrome ¢ for COX
assembly prompted us to measure Cox1p translation in a dou-
ble cycl,cyc7 mutant with and without an added cox14 muta-
tion. Strains with single and multiple mutations were labeled in
the presence of cycloheximide, and total cellular proteins were
separated by SDS-PAGE. The in vivo assays disclosed a sharply
reduced rate of Coxlp translation in the cycl,cyc7 double
mutant that was restored by a cox14 mutation, similar to what
was previously observed with other assembly-arrested COX
mutants (Fig. 6A4). The effect of cytochrome ¢ deficiency on
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Coxlp intermediates was examined in a cyclcyc7 double
mutant expressing Cox1p-HAC. As expected, the steady-state
concentration of the intermediates was lower in the mutant,
but the relative abundance of the different intermediates was
not significantly different from the wild type control (Fig. 6, B
and C). Attempts to determine if cytochrome ¢ co-immunopre-
cipitates with Cox1p intermediates were hampered by the high
background of other radiolabeled mitochondrial products in
the precipitate due to the low ionic strength of the wash buffers
used to prevent dissociation of cytochrome ¢ from other
proteins.

These results show that like the integral subunits, a defi-
ciency of cytochrome c affects assembly of COX with a conse-
quent decrease in translation of Cox1p. Restoration of Cox1p

JOURNAL OF BIOLOGICAL CHEMISTRY 26553



Cox1p Module of Yeast Cytochrome Oxidase

o ¢}
O X O X
A T T D
o &S o &S
v & ¥ e O
QA XN QXN
é\ AP N \é\ AP N
ST & N &g BN (4-13%)
N0 ¥y XV 35 SDS (12%) ¥
SoLLES o LE
LETTLEYTF &
e . s B
. — M s s — Cox1p-HAC P =
- — Cox2p
- — Cox3p
3 L
L JL J
Digitonin extracts PC-eluates W303-1A (WT)
D5 D4 D3 D2 D1
| O I
o [9) O
£ £ £ E
& F & F & F BN@-13%)
P & & ° FEFP SDS (12%) ¥
%% P, N O Q > N bﬁb & % N bcp
S Sy SR S0
S O A \OQQ/Q“/ \OQQ/Q‘O
B S S c ST ST &
S 2 &L S o &L S o & Cox1p-HAC —
S FESFTS €5 oxtp -
' — opctj2icox] 1048 — ! ] i B :
— 2[bc1]J[COX] .
720 —
— 2[bc1]2[COX]
— 2[be1]J[COX]
aMRS APET111/COX1-HAC
o — D5/COX i D|5 DI4 D3 D2 D1
I
'. — D4 480 — (-
-0 ' —cox B
242 — BN(4-13%)
o . : : SDS (12%)
242 —
2 — D1 L
146 — i
146 — Cox1p-HAC — -
66 — Cyt.b — -

Digitonin extracts PC-eluates

35g
L

In-gel COX assay

aMRSAPET494/COX1-HAC

FIGURE 7. Detection of the D5 intermediate in COX-deficient pet717 and pet494 mutants. A, mitochondria of the wild type W303-1B and of the pet717 and
pet494 mutants, each expressing Cox1p-HAC, were labeled with [**Slmethionine and cysteine for 20 min as described under “Materials and Methods.”
Mitochondria were extracted with digitonin, and tagged proteins were purified on protein C (PC) antibody beads. Samples of the extracts and the fraction
eluted from the beads were separated by SDS-PAGE on a 17% polyacrylamide gel and transferred to nitrocellulose. B, eluates from the antibody beads were
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extracts and antibody-purified proteins were separated by BN-PAGE on a 4-13% polyacrylamide gel. D, the antibody-purified fractions of the W303-1A control
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translation in the cox14 mutant indicated that the release of
Mss51p from the Cox1p module depends on the presence of
cytochrome c.

Evidence for the Presence of a Coxlp Intermediate That Co-
migrates with COX on Native Gels—The co-migration of D5
with COX made it difficult to demonstrate this intermediate by
direct means in respiratory competent yeast (12). Direct evi-
dence for the existence of this intermediate was obtained in the
present study by analyzing Cox1p intermediates in pet111 and
pet494 mutants expressing Cox1p-HAC. Both peti11 and
pet494 mutants are COX-deficient due to their failure to trans-
late Cox2p and Cox3p, respectively (31, 32). Mitochondrial
gene products in each stain were pulse-labeled in organello, and
proteins associated with Cox1p-HAC were purified from digi-
tonin extracts with protein C antibody beads. The SDS gels of
the Cox1-HAC-enriched fractions eluted from the antibody
beads contained Cox1-HAC but lacked Cox2p and Cox3p in
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the petlll and pet494 mutants, respectively (Fig. 7A). The
native gels of this fraction indicated the presence in both
mutants of all the Cox1p intermediates, although their concen-
trations, due to down-regulation of Cox1p translation, were less
than in the wild type control (Fig. 7, A and B). The COX defect
was corroborated by the absence in both strains of the super-
complexes and COX activity (Fig. 6, B and C). The presence of
D5 in the antibody eluates of the two strains was confirmed by
two-dimensional gel electrophoresis, which achieves a better
resolution of the D5 region (Fig. 6D). Radiolabeled Cox1p-HAC
separated into a distinct band separate from D4 in both
mutants.

DISCUSSION

Several factors have contributed to our still partial under-
standing of the process by which mitochondria assemble COX.
The most serious of these has been the extensive turnover of
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COX constituents in all assembly-arrested mutants. This is
glaringly evident by the almost complete absence in such
mutants of the hydrophobic core subunits, a circumstance that
has hampered the use of COX mutants to study and reconstruct
the assembly pathway from stalled intermediates under steady-
state conditions. To circumvent this experimental drawback,
Cox1p complexes have been analyzed after labeling isolated
mitochondria in pulse-chase experiments. This approach led to
the identification of five different Cox1p complexes that were
proposed to be intermediates of a Cox1p assembly module (12).
We further conjectured that COX is assembled from three dif-
ferent modules, each consisting of one of the core subunits
partnered with a select set of nuclear gene products reflective of
the subunit interactions observed in the fully assembled
enzyme.

A substantial amount of information has been gained about
the compositions of some Coxlp intermediates (4-7, 12, 13,
33). However, their analysis remained partial as only a subset of
COX proteins had been studied. To remedy this shortcoming
we constructed strains that expressed each of the previously
unstudied subunits with tags suitable for their detection and
purification. These studies have led us to conclude that the
Cox1p assembly module utilized in the final stages of the path-
way contains only three of the eight nuclear encoded subunits.
Two of the proteins, Cox5ap and Cox8p, interact directly with
Coxlpin the holoenzyme (Ref. 26 and Fig. 5). The third protein,
Cox6p, does not have a common interface with Cox1p but is a
constituent of the Cox1p module through its interaction with
Coxb5ap (Fig. 5). A still open question is whether Cox5ap and
Cox6p associate with Cox1p sequentially or as a preformed
unit. The instability of Cox6p in Cox5ap mutants (34) suggests
that the two proteins may form a complex before their incor-
poration into the Cox1p module.

Cox1p intermediates were also characterized in strains lack-
ing a COX subunit or accessory factor. The absence of a protein
essential for COX assembly (Cox7p, Cox2p, and Cox3p)
decreased Cox1p translation but did not affect the relative dis-
tribution of the newly translated protein in the intermediates.
This was also true of a double cyc! and c¢yc7 mutant missing
both isoforms of cytochrome c. Predictably, cox12, cox13, rcfl,
and rc¢f2 mutants with wild type levels or only partial reductions
of COX displayed normal translation of Cox1p and steady-state
concentrations of the intermediates. The two sets of results
indicate that assembly of the Cox1p module is a separate and
independent pathway that is not influenced by other COX
components.

The previously postulated existence of a D5 intermediate
that co-migrates with COX in blue native gels was confirmed to
be present in petl11 and pet494 mutants that are deficient in
COX due to their failure to translate Cox2p and Cox3p. Both
mutants contained radiolabeled Coxlp that migrated at the
position of COX. The size and composition of this intermediate
suggest that it is likely to be a late and perhaps immediate pre-
cursor of COX. At present the proteins known to be present in
D5 include the regulatory factors Mss51p, Cox14p, Coa3p,
Coal, the heme a chaperone Shylp, and the three structural
subunits Cox5ap, Cox6p, and Cox8.
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