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Cytochrome ¢ oxidase (COX) assembly factor 7 (COA7) is a
metazoan-specific assembly factor, critical for the biogenesis of
mitochondrial complex IV (cytochrome c oxidase). Although muta-
tions in COA7 have been linked to complex IV assembly defects
and neurological conditions such as peripheral neuropathy, ataxia,
and leukoencephalopathy, the precise role COA7 plays in the bio-
genesis of complex IV is not known. Here, we show that loss of
COA7 blocks complex IV assembly after the initial step where the
COX1 module is built, progression from which requires the incorpo-
ration of copper and addition of the COX2 and COX3 modules. The
crystal structure of COA7, determined to 2.4 A resolution, reveals a
banana-shaped molecule composed of five helix-turn-helix (o/c)
repeats, tethered by disulfide bonds. COA7 interacts transiently
with the copper metallochaperones SCO1 and SCO2 and catalyzes
the reduction of disulfide bonds within these proteins, which are
crucial for copper relay to COX2. COA7 binds heme with micromo-
lar affinity, through axial ligation to the central iron atom by histi-
dine and methionine residues. We therefore propose that COA7 is
a heme-binding disulfide reductase for regenerating the copper
relay system that underpins complex IV assembly.
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n eukaryotes, the bulk of ATP generation occurs through oxi-

dative phosphorylation (OXPHOS) that involves five multisu-
bunit protein complexes in the inner mitochondrial membrane,
known as complexes I to V (1). Complex IV (cytochrome ¢ oxi-
dase or COX) is the copper and heme a-containing terminal
oxidase of the mitochondrial respiratory chain, which catalyzes
electron transfer from cytochrome ¢ in the intermembrane
space (IMS) to molecular oxygen and contributes to the gener-
ation of the proton gradient required to power ATP synthesis.
In mammals, complex IV is composed of 14 subunits, including
3 core subunits (COX1, COX2, and COX3) that are encoded
by mitochondrial DNA (mtDNA) (2-4).

The assembly of complex IV is complicated and thought to
involve the biogenesis of different modules harboring both
mtDNA and nuclear encoded subunits (5, 6). A central module is
seeded by membrane integration and maturation of COX1, which
then incorporates separate modules containing COX2 and COX3.
The incorporation of one copper ion (the copper B (Cug) site),
heme a, and heme a5 cofactors is necessary for the biogenesis of
the COX1 module, which then assembles with the COX2 subunit
on incorporation of the binuclear copper site (Cua). Complex IV
biogenesis requires the action of more than 30 assembly factors
(6). While not part of the final enzyme, these assembly factors
have been shown to perform critical roles in subunit maturation,
cofactor incorporation, and stabilization of intermediate assem-
blies of complex IV in humans. These include the COX17, SCO1,
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SCO2, and COAG6 proteins, which function in copper delivery to
the Cu, site and which bind copper through two cysteine resi-
dues, for which redox cycling between disulfide (oxidized) and
free/Cu-bound (reduced) states is tightly linked to their functions
(7-11). Loss-of-function mutations in both mtDNA and nuclear
DNA genes encoding mitochondrial proteins, including complex
IV subunits and assembly factors, lead to complex IV deficiency
and mitochondrial disease. Complex IV is also found in super-
complexes, which are large assemblies containing complex IV
along with complexes I and III, including the complex I-complex
III-complex IV (CI/IIIyIV) respirasome (12-14).

The COX assembly factor 7 (COA7, also referred to as
RESAL1l) is a metazoan-specific complex IV assembly factor
located in the IMS (15, 16). The function of COA7 in complex
IV assembly is unknown. COA7 is a cysteine-rich protein (13
cysteine residues) which, based on sequence analysis, contains
five Sell-like repeat (SLR) domains. SLR proteins are a
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subclass of the tetratricopeptide repeat (TPR) proteins, which
belong to the o/a repeat family of solenoid proteins (17, 18).
Auvailable structures of SLR proteins show large solvent accessi-
ble surfaces, suitable for the binding of both large and small
substrates (17-19). Accordingly, solenoid proteins often func-
tion in DNA-, peptide- and protein—protein interactions
(17-19), which facilitate cellular processes such as signaling,
the cell cycle, and intercompartmental transport (18, 20-22).

Pathogenic mutations in the gene encoding COA7 have been
identified in patients exhibiting neurological symptoms of
peripheral neuropathy, ataxia, and leukoencephalopathy (23,
24). The first of these studies described an isolated deficiency
of complex IV in patient skin fibroblasts and skeletal muscle in
the presence of compound heterozygous mutations in COA7
(p-Tyr137Cys and COA7-exon2A), resulting in the expression
of the COA7 mutant proteins Y137C and an in-frame deletion
mutant missing residues 37 to 83. A second study examined a
cohort of Japanese patients with recessive mutations in COA7,
where skin fibroblasts from these patients showed significant
decreases in complex I and complex IV activities. Patients had
either homozygous single amino acid p.Asp6Gly (D6G) muta-
tions, compound D6G with p.Ser149Ile (S1491), or a missense
p-Gly144fs mutation, and compound p.Arg39Tip (R39W) and
COAT7-exon2A mutations (24). The Arg39, Tyr137, and Ser149
residues are highly conserved among COA7 proteins from dif-
ferent species (SI Appendix, Fig. S1).

In the present study, we used structural and functional
approaches to investigate the role of COA7 in mitochondrial
complex biogenesis. Loss of COA7 blocks complex IV assembly
steps that follow the formation of the COX1 intermediate mod-
ule, with COX2 being highly labile. We report the crystal struc-
ture of human COA7 to 2.4 A resolution and show that the
recombinant COA7 protein binds heme in vitro specifically and
with micromolar affinity, through axial His/Met coordination to
the iron atom, despite no resemblance between the COA7
structure and well-characterized heme-binding proteins. The
heme bound to COA7 has a reduction potential of —353 mV
and can reduce the disulfide bonds that compose the copper
binding sites in the assembly factors SCO1 and SCO2, enabling
regeneration of the copper relay system. These findings point
to a role for COA7 in the pathway that leads to the biogenesis
of the Cuy, site of complex IV.

Results and Discussion

Loss of COA7 Results in Reduced Levels of Respiratory Chain
Enzymes, with a Severe Complex IV Assembly Defect. To investi-
gate the function of COA7 in the biogenesis of the respiratory
chain, CRISPR-Cas9-mediated gene editing (25) was used to
generate COA7 knockout (COA7%?) HEK293T cell lines. Fol-
lowing transfection, cells were sorted to generate individual
clones. Two clones (termed COA7%?-1 and COA7%?-2) were
found to contain frameshift deletions in the COA7 gene where
the single guide RNA (gRNA) was targeted. Immunoblot anal-
ysis confirmed complete loss of the COA7 protein from
COAT7%° mitochondria (SI Appendix, Fig. S24). Isolated mito-
chondria were solubilized in digitonin and subjected to blue
native (BN) polyacrylamide gel electrophoresis (PAGE) and
immunoblotted for components of the respiratory chain com-
plexes (Fig. 14). Probing for the complex IV subunit COX4
revealed a severe complex IV defect, with no complex IV holoen-
zyme or higher complex I'V-containing supercomplexes (CI/III/
IVor III/IV) detected (Fig. 14). Consistent with this, probing for
the complex I subunit NDUFAO9 revealed the loss of the respira-
some (CI/III/IV), while a faster migrating species corresponding
to the CI/IIL, supercomplex was seen (Fig. 14). Probing for the
complex III subunit UQCRCI revealed the loss of the I/ IV
supercomplex and the accumulation of the CI/III, supercomplex
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(Fig. 14). Complex V levels were unchanged (Fig. 14). The
defects observed in the supercomplexes and complex IV were res-
cued upon re-expression of COA7 with a C-terminal Flag epitope
(+COA7"8), indicating the complex IV defect observed was
indeed due to the loss of COA7 (Fig. 14).

To delineate the effect of COA7¥? on assembly of complex
IV, we analyzed representative subunits of each of the three
assembly modules: COX1, COX2, and COX3 (detecting COX1,
COX2, and COX6A, respectively). As can be seen (Fig. 1B),
residual COX1 was present in a faster migrating complex,
termed the S2 intermediate (26), while COX2 and COX6A
were not present in any observed intermediates. To further
investigate the stability of the core mtDNA-encoded proteins
(COXI1 to 3), we utilized [**S]-methionine pulse-chase labeling
in the presence of anisomycin, an inhibitor of cytosolic transla-
tion (272. Control and COA7%°-1 cells were labeled for 2
h with [*°S]-Met before a chase without labeling and restora-
tion of translation. Sodium dodecyl sulfate (SDS)-PAGE and
phosphorimage analyses showed that pulse-labeled COX2 was
highly labile in COA7%® cells, with reduced labeling of this sub-
unit at the zero-hour time point and rapid loss over time rela-
tive to control cells (Fig. 1C). COX3 also displayed increased
turnover during the chase period in COA7%® cells compared
with control mitochondria (Fig. 1C). In comparison, the transla-
tion and stability of COX1 were similar in both lines (Fig. 1C).
The levels of other mtDNA-encoded proteins did not appear to
differ between control and COA75° mitochondria. These results
point to a critical role for COA7 in complex IV assembly in steps
that follow the assembly of the COX1 module.

We next applied quantitative stable isotope labeling of amino
acids in cell culture (SILAC) proteomics (28) to investigate the
effect of COA7 loss on the mitoproteome. In agreement with
the pulse-chase analysis, a robust decrease in the abundance of
COX2 and COX3 was observed (Fig. 1D and SI Appendix,
Dataset S1). In addition, the levels of a number of nuclear-
encoded complex IV subunits (COX6A1, COX6B1, COX7A2,
COX8A, and NDUFA4), which are associated with the COX2
or COX3 modules or later complex IV assembly intermediates
(4, 29, 30), were reduced in the absence of COA7 (Fig. 1D and
SI Appendix, Dataset S1). Visualization of the relative levels of
complex IV subunits on the structure of complex IV using a
topographical heatmap (Protein Data Bank [PDB] 5Z62) (31)
shows that the COX1 module subunits (COX1, COX4, and
COX5A) are largely unaffected by the loss of COA7, in con-
trast to the other mtDNA-encoded subunits, COX2 and COX3,
and their surrounding nuclear-encoded proteins (Fig. 1D).

To understand the complex IV interactome in the absence of
COA7, we generated a COA7*? cell line expressing COX4
with a Flag-tag (COA7/COX4%° + COX4™¢) (SI Appendix,
Fig. S2B). Affinity-enrichment mass spectrometry analysis (S
Appendix, Fig. S2C and Dataset S2) showed that in the absence
of COA7, COX4"%¢ enriched COX1 module subunits (COX1
and COX5A), COX3 module subunits (COX3 and COX7A2),
COXS5B (a subunit that associates with COX1 and COX3), (31)
and a subunit of the COX2 module (COX6C) (SI Appendix,
Fig. S2C). We also identified several complex IV assembly fac-
tors, including the Cu, copper metallochaperone SCOI1, the
thiol oxidoreductase SCO2, COA3, the heme a synthase
COX15, plus numerous complex I and III subunits (S/
Appendix, Fig. S2C and Dataset S2). Given that COX3 is rap-
idly turned over in the absence of COA7, the S2 subcomplex
appears to comprise the mtDNA-encoded subunits COX1 (Fig.
1B), COX4 (Fig. 14), and likely COX5B. Indeed, in a recent
BN-PAGE and complexome profiling analysis of ACOX2
cybrids (32), an equivalent subcomplex was identified to harbor
COX1, COX4, COX5B, and COA3, but not COX3, COX5A,
COX6C, or COX7A2, hinting that these subunits associate
after the S2 subcomplex has been assembled. These results
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Fig. 1. Loss of COA7 results in complex IV assembly defects. (A and B) Mitochondria isolated from control, COA7%°-1, COA74®-2, and rescued COA7%®-1 cells
were solubilized in 1% digitonin and subjected to BN-PAGE and analyzed using antibodies against subunits in brackets. Coomassie brilliant blue (CBB)-stained
membranes showing complex V (CV) are indicative of loading. (C) Cells were pulsed with [3°S]-Met for 2 h and chased for the indicated times. Isolated mitochon-
dria were analyzed by SDS-PAGE and phosphorimaging. Immunoblotting (IB) with the complex Il subunit SDHA was used as a loading control. (D) Volcano plot
showing proteins with altered abundance in COA7X°® mitochondria. The SILAC log,-transformed fold change (FC) ratios are indicated on the x-axis. Subunits of
the different OXPHOS complexes are color-coded, and complex IV subunits are labeled. The horizontal line indicates P = 0.05, and vertical lines indicate a fold
change of 1.5. Topographical heatmap of SILAC log,-transformed fold change (FC) ratios mapped onto the structure of complex IV (PDB 5Z62) (31). Proteins
encoded by mtDNA are shown as surface renders, while nuclear-encoded proteins are shown as cartoons. Blue intensity is relative to the decrease in protein
abundance. n.d., not detected. (£) Venn diagram summarizing COA7®%-interacting proteins under native conditions or following chemical cross-linking of cells

grown in Glu- or Gal-containing media. Complex IV subunits and assembly factors are in bold. N/A; not applicable.

further support that in the absence of COX2 (due to the loss of
COAY7), a subset of complex IV subunits is capable of assembly
into a crippled supercomplex, dependent on the presence of
COX1 (32). Taken together, these results indicate that COA7
plays a critical role in the assembly of complex IV at a step that
involves the maturation of the COX2 and/or COX3 modules
onto the COX1 module.

COA7 Interacts Transiently with Complex IV Assembly Factors. We
next performed affinity-enrichment mass spectrometry to iden-
tify stable COA7-interacting proteins in an unbiased manner.
Under steady-state conditions, we did not enrich COA7'%
with any complex IV subunits or assembly factors (Fig. 1E and
SI Appendix, Fig. S2D and Dataset S3). However, COA7 "¢ did
enrich several IMS proteins, including apoptosis-inducing fac-
tor 1 (AIFM1) and CHCHD4, which are required for disulfide
bond formation in the intermembrane space (33). This corre-
lates with COA7 having already been identified as a client of
the CHCHD4 pathway (15). Also enriched were copropor-
phyrinogen oxidase (CPOX), an enzyme involved in heme bio-
synthesis (34), the mitochondrial protease LONP1 (35), the

Formosa et al.
Mitochondrial COA7 is a heme-binding protein with disulfide reductase activity,
which acts in the early stages of complex IV assembly

disaggregase CLPB and the CLPB-interacting protein HAX1
(36) (Fig. 1E and SI Appendix, Fig. S2D and Dataset S3).
RCN2, an endoplasmic reticulum (ER)-luminal protein with
potential localization in the mitochondrial IMS (37), was also
enriched with COA7"¢, These results suggest that unlike
many assembly factors, COA7 does not form stable interactions
with components of the respiratory chain.

To identify transient interactions, we performed chemical
cross-linking proteomics on control cells and COA7%® +
COA7"2 cells grown in standard glucose-containing media or
with galactose (where cells are reliant on OXPHOS for ATP)
(38). Proteomic analysis of eluted COA7-interacting proteins
revealed numerous proteins that were present in the native
coimmunoprecipitation (Fig. 1E). In addition, we identified 18
proteins common to both the glucose and galactose samples,
including the complex IV assembly factors COA4, SCO2,
COAG6, and COX17 (Fig. 1E and SI Appendix, Fig. S2 E and F
and Datasets S4 and S5). Analysis of the COA7™¢ interactome
from galactose-grown cells revealed an additional 13 proteins,
including the complex IV subunit COX2 (Fig. 1E and S/
Appendix, Fig. S2F and Dataset S5). These results suggest that
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COA7 also interacts in assemblies with several complex IV
assembly factors, in addition to the mtDNA-encoded complex
IV subunit COX2.

Structural Characterization of COA7. To uncover further functional
information, we sought to determine the molecular structure of
COA?7. Recombinant COA7 was overexpressed and purified (~90
to 95% purity), with an intense band at ~25 kDa, corresponding
to the molecular weight of monomeric COA7 (SI Appendix, Fig.
S3A4). The analytical size exclusion chromatography (SEC) elution
profile of the purified COA7 showed a broad elution peak with
an elution volume corresponding to a molecular weight of ~55
kDa, indicating the possible presence of a dimeric species in solu-
tion (SI Appendix, Fig. S3B). The quaternary structure of COA7
was further investigated by analytical ultracentrifugation (AUC),
using sedimentation velocity experiments. These data were fitted
to a continuous size distribution model, which yielded sedimenta-
tion coefficients of 1.9 S and 3.5 S, demonstrating that the sample
contained a mixture of monomeric and dimeric species (S/
Appendix, Fig. S3C and Table S2), with the relative proportions of

Fig. 2.

these species observed to vary with protein concentration, indicat-
ing concentration-dependent oligomerization behavior.

We determined the structure of COA7 by X-ray crystallogra-
phy. The structure was solved and refined in space group I4; to
2.4 A resolution, with a single molecule of COA7 per asymmet-
ric unit (Fig. 24). The final COA7 model includes residues
Glul0-His218 and refinement of the model converged with
residuals R = 20.5% and Ryee = 25.5% (SI Appendix, Table S3).
COA7 is comprised of 11 a-helices, arranged as 5 helix-turn-
helix (o/at) repeats (which vary in length from 30 to 36 residues)
and an additional C-terminal helix (Fig. 24). Together, these
form an elongated, right-handed superhelix, with a concave and
a convex face. The COA7 sequence includes 13 cysteine resi-
dues (at positions 24, 28, 37, 62, 71, 95, 100, 111, 142, 150, 172,
179, and 187), with the structure showing five intramolecular
disulfide bonds between residues Cys28-Cys37, Cys62-Cys71,
Cys100-Cys111, Cys142-Cys150, and Cys179-Cys187 (Fig. 2B),
which bridge pairs of helices within each of the five o/ repeats.
The position of the disulfide bonds as determined by crystallog-
raphy is consistent with that proposed for the previously pub-
lished model of COA7 (15) and with that predicted using

Cys150

Cys142 Cys71
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Structure of COA7 and analyses of pathogenic variants. (A) Cartoon representation of the overall structure of COA7. Secondary structures are represented

as cartoons with SEL1 repeats colored in gray, raspberry, cyan, teal, and green. The transparent molecular surface is represented in gray. The amino (N) and carboxy
(C) termini are indicated. (B) Cysteine residues (labeled) involved in intramolecular disulfide bonds are shown as yellow spheres, and free cysteine residues are
shown as salmon spheres. (C) The molecular surface of COA7 is colored according to the electrostatic potentials (red, negatively charged; blue, positively charged;
white, uncharged). The Top images show the side view of the COA7 structure. The Left and Right Bottom images show concave and convex views, respectively. The
amino (N) and carboxy (C) termini are indicated. (D) Mitochondria isolated from control, COA7%® cells, and COA7%® cells expressing wildtype (WT) COA7729 and
variants in the absence or presence of doxycycline (DOX) as indicated were subjected to SDS-PAGE and immunoblotting with antibodies as shown. ATP5A serves as
a loading control. (E) Patient mutations are mapped onto the structure of COA7 and shown as pink sticks and hydrogen bonds between residues (labeled) shown
as dashed lines. Inset: Closer view of the interactions formed by residues His112 and Tyr137. The amino (N) and carboxy (C) termini are indicated.
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AlphaFold (39). The 10 Cys residues that participate in the
intramolecular disulfide bonds are conserved in COA7 sequen-
ces across all metazoans; however, the cysteine residues at posi-
tions 24, 95, and 172 (that do not form disulfide bonds in this
structure) are only found in vertebrate COA7 (SI Appendix,
Fig. S1) (10).

A search against the PDB (40) revealed that COA7 shares
significant structural similarity with the Helicobacter cysteine-
rich proteins B and C (HcpB [PDB 1KLX] and HepC [PDB
10UV], respectively) (41, 42) from Helicobacter pylori (SI
Appendix, Fig. S4). Hep proteins are composed of a/a repeats
and belong to the SLR protein family. The presence of disul-
fide bonds within the repeats for both the Hcps and COA7 is
unusual for this protein family (18, 41). Indeed, to our knowl-
edge, COA7 is the first structurally characterized human SLR
protein possessing disulfide-bridged o/a repeats.

The outer convex surface of the COA7 molecule is highly nega-
tively charged due to the presence of several Glu and Asp resi-
dues (located within repeats 1 and 2 and on the linkers between
repeats 3 and 4, 4 and 5 and the C-terminal helix). In addition,
the presence of lysine residues 49, 56, 59, 73, 82, 105, and 106 on
the inner concave surface of COA7 creates a positively charged
surface in this region (Fig. 2C). The residues that comprise both
charged surfaces are largely conserved in COA7 proteins (SI
Appendix, Fig. S1). Also on the concave surface is a hydrophobic
cleft that results from clustering of several nonpolar residues
(Tle108, Ala109, Gly144, Gly145, Leul81, and Gly182) (Fig. 2C).
Interestingly, the application of crystallographic symmetry opera-
tors reveals that in the crystal, this cleft is occupied by the
N-terminal helix (residues Glul0-His30) of a neighboring mole-
cule of COA7 (SI Appendix, Fig. S5), such that the crystal is com-
posed of an infinite network of these protein—protein interactions
(ST Appendix, Fig. S5). This interaction is mediated by hydrogen
bonds and electrostatic interactions, with a total buried surface
area of 1,614 A2, representing ~7% of the surface areas of the
two molecules combined (40). Given the limited extent of this
interaction, it is unlikely to represent a persistent oligomeric struc-
ture in solution (43), but correlates with the concentration-
dependent oligomerization behavior observed by AUC. This
contact may indicate a molecular mechanism for an interaction
between COA7 and protein partners in the mitochondrial IMS.
Similar direct protein—protein interactions have been previously
proposed for other TPR proteins, including HepC (42), the
Hsp70/Hsp90 organizing protein (Hop) (PDB 1ELR) (44, 45),
and the peroxisomal targeting signal-1 PEX5 (PDB 1FCH) (46).
In the case of the related HepC structure, an interaction between
the C terminus of one molecule and the hydrophobic pocket
of a neighboring molecule facilitates the formation of a similar
extended protein network in the crystal. This was proposed to
represent a mechanism for protein—protein interactions in the
cell (42).

COA7 Binds Heme with Micromolar Affinity. A key step in the bio-
genesis of complex IV is insertion of copper into the Cuy, site of
COX2 (6). Loss-of-function mutations in these assembly factors
block complex IV assembly at the level of COX2 maturation, simi-
lar to that observed here for COA7 (26). Furthermore, soluble
high-affinity Cu(I)-binding proteins (copper metallochaperones)
such as ATOX1 (47), COX17 (48), the recently identified Cu(I)-
binding protein COA6 (26) and the soluble domains of SCO1 and
SCO2 (49) all show CysX,Cys sequence motifs and bind Cu(I).
Due to the presence of multiple Cys residues within the COA7
sequence, we sought to determine whether COA7 binds copper
(specifically CuI]) using a competition assay with the [Cu®Bcs,]>~
(copper bathocuproinedisulfonic acid) complex (26, 50). Cu(I)
binding to the COA7 was not detected using this assay; however,
Cu(I) binding was observed for the recombinant ATOX1 protein,
which was included as a positive control (ST Appendix, Fig. S6).

Formosa et al.
Mitochondrial COA7 is a heme-binding protein with disulfide reductase activity,
which acts in the early stages of complex IV assembly

Given these findings, we investigated whether COA7 might
bind heme, the other cofactor required for complex IV biogen-
esis and activity. Complex IV binds heme a and heme a3, which
are essential for function. Heme a is important for the stability
of COX1, while insertion of heme a3, which has a farnesyl tail
and sits between COX1 and COX2, is required for assembly
and stabilization of COX2 (5, 6). We therefore tested whether
COAT7 might be involved in heme incorporation into complex IV
by measuring whether the purified protein was able to bind heme
in solution using ultraviolet-visible (UV-Vis) spectrophotometry
(51, 52). Upon titration of COA7 with hemin (Fe"™-PPIX, pro-
toporphyrin IX), difference spectra revealed a Soret band at 416
nm and a broad feature between 500 and 600 nm (Fig. 34),
which increased in intensity with the addition of increasing con-
centrations of hemin. Fitting of these titration data yielded a dis-
sociation constant Kpemey= 1.40 + 0.28 uM (Fig. 3B). This value
is similar to those measured for other heme-binding proteins.
For instance, Listeria HemQ, which is involved in heme acquisi-
tion, binds heme with Kphemey= 16.2 pM (53), and Pseudomonas
Phus binds heme with Kphemey= 29 pM (54).

Incubation of purified COA7 with one molar equivalent of
hemin and reduction with sodium dithionite yielded UV-Vis
spectra indicative of Fe™- and Fe"-heme-COA7, respec-
tively (Fig. 3C). These spectra were very similar to the those
reported for the ferric and ferrous states, respectively, of cyto-
chrome bsg, from Escherichia coli (55), which shows axial liga-
tion of the heme iron by His and Met residues. Incubation of
COA7 with Zn"™-PPIX also yielded a spectrum very similar to
that of Zn™"-PPIX-loaded cytochrome bsg, (Fig. 3C) (55). The
incubation of COA7 with excess heme, followed by removal of
unbound cofactor, yielded a Fe""-heme-COA7 complex with a
stoichiometry, as determined by inductively coupled plasma
mass spectrometry (ICP-MS), of 1.06 + 0.03 iron atoms (heme
cofactors) per protein molecule (SI Appendix, Fig. S7C). COA7
could not be copurified with PPIX using the same approach (S
Appendix, Fig. S7B).

Examination of the structure of COA7 reveals a possible
heme binding site located between repeats 3 and 4, with resi-
dues His119 and Met156 in comparable positions to those that
act as iron ligands in cytochrome bsq, (55) (SI Appendix, Fig.
S8). Unfortunately, despite extensive attempts, we were unable to
crystallize Fe!"D-heme-COA7. We therefore generated single-
and double-mutant proteins ("'"?ACOA7, MP°ACOA7,
and HM119AMISSACOAT) to probe the contributions of these
residues to heme binding. In addition, we examined the
ability of the HIPAMISSACOA T2 mytant to rescue the assem-
bly of complex IV in COA7X® cells (SI Appendix, Fig. S11).
Titration of the H1AMISSACOA7T variant with hemin yielded no
detectable binding (SI Appendix, Fig. S9 B and C), and the
UV-Vis spectra of the variant protein following incubation with
one equivalent of hemin was significantly different from that
observed for COA7 (both in the presence and absence of
sodium dithionite; SI Appendix, Fig. S10). To investigate the
effect of this mutant in COA7¥? cells, we also generated a
doxycycline-inducible system with COA7™¢ expressed down-
stream of a GFP and a viral T2A cleavage site to separate the
two encoded proteins (SI Appendix, Fig. S11A4). In this way, GFP
functions as an internal control for controlling equal levels of
expression of both wild-type and mutant COA7 gSI Appendix,
Fig. S11 A and B). COA7"2¢ and H!9AMIS6ACQA7FIaE
were also detected in whole-cell lysates, migrating slightly
slower than endogenous COA7 due to the presence of the
Flag epitope (SI Appendix, Fig. S11C). Isolated mitochon-
dria from these cells were analyzed by SDS-PAGE and
immunoblotting for COA7 (SI Appendix, Fig. S11D) and the
complex IV proteins COX1 and COX2 (SI Appendix, Fig.
S11E). While the levels of "MAMISSACOATME were lower
than COA77€, both were higher than endogenous COA7 (SI
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Fig. 3. Heme binding to COA7. (A) Difference absorption spectra of COA7 (1 uM) with increasing concentrations of Fe"_PPIX (from 0 to 10 pM) as indi-
cated. (B) The binding curve was fitted to the data from A using an equation describing a single binding site (Y = Bmax * X/Kp + X) with GraphPad Prism.
(C) UV-Vis absorption spectra of COA7 in the presence of one molar equivalent of Fe"’-PPIX (black); Fe'-PPIX (red), and Zn""-PPIX (dotted, black).

Appendix, Fig. S11D). Analysis of COX1 and COX2 from
these mitochondria by SDS-PAGE further revealed that the
HIOAMIS6ACOAT"8 was not able to rescue levels of COX1
and COX2 to the same extent as COA7""*8 (SI Appendix, Fig.
S11E). To determine the effect on complex IV assembly, iso-
lated mitochondria were analyzed b¥1 BN-PAGE, which
showed that relative to COA7F'ae HIIAMIS6ACQA7Flag
expression was not able to efficiently rescue complex IV
assembly (SI Appendix, Fig. S11F), indicating that residues
His119 and Met156 are important for COA7 function.

Finally, we incubated the heme-loaded COA7, H19ACOA7,
and M3ACOA?7 proteins with sodium cyanide and compared the
UV-Vis spectra of the proteins measured before and after incuba-
tion (SI Appendix, Fig. S9 D-F). The spectrum of the Fe!"™-
heme-COA?7 protein showed no change on incubation with CN .
In contrast, for both the Fe™P-heme-"""ACOA7 and FeV-
heme-M'***COA7 variants, shifts in the positions of the Soret
bands and spectral changes in the region between 500 and 600
nm were observed, indicating a change in iron coordination
on addition of CN™. These data taken together indicate that
heme binding to COA7 is mediated by axial ligation of resi-
dues His119 and Met156 to the heme iron. A superposition of
the COA7 structure with that of cytochrome bsgq, (PDB 256B;
SI Appendix, Fig. S8B) (56), shows that heme binding in this
position, comparable to that seen in the structure of cyto-
chrome bsq, (56), would be possible upon slight adjustments
to the positioning of the surrounding helices. These data indi-
cate that in vitro COA7 binds heme specifically through axial
ligation of the central iron atom with His119 and Met156 pro-
tein ligands, which are conserved in the majority of COA7
sequences (S Appendix, Fig. S1).
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COA7 Does Not Facilitate Heme Incorporation into Complex IV.
Given the observed heme binding activity of recombinant COA7,
we sought to investigate whether COA7 might act as a heme chap-
erone and/or function in heme incorporation into comglex IV. To
that end, we generated and characterized CPOXX® cells by
CRISPR-Cas9 genome editing. Sequencing of the CPOX locus
revealed disruption at the position of the DNA cleavage (S
Appendix, Fig. S124). To ensure specificity, we generated a CPOX
rescue cell line by reintroducing CPOX™¢ into CPOXX© cells
that we verified with SDS-PAGE and immunoblotting with CPOX
and Fla§ antibodies (SI Appendix, Fig. S12B). As expected,
CPOXX® cells grown in heme-depleted media showed a reduction
in the levels of COX1 and COX2, which was reversed to control
levels by the expression of CPOX™¢ (SI Appendix, Fig. S12C).
Additionally, analysis of mitochondria from control, CPOXXO,
and CPOX"© expressing CPOX""%€ by BN-PAGE showed a defect
in complexes II and IV in the CPOXX© cells, which was rescued
by the expression of CPOX""¢ (SI Appendix, Fig. S12D).

We next compared control, COA7 O and CPOXX© cells grown
in heme-depleted media in the presence or absence of succinylace-
tone (SA), an inhibitor of S5-aminolevulinic acid dehydratase
(ALAD), the second enzyme of the heme biosynthetic pathway
(57) (Fig. 44). We reasoned that if COA7 functions in heme incor-
poration, the inhibition of heme biosynthesis in COA7%C cells
would not result in further decreases in the levels of COX1. Mito-
chondria isolated from control, COA7%®, and CPOXX® cells grown
in heme-depleted serum in the presence or absence of SA were
subjected to SDS-PAGE and immunoblotting (Fig. 4A and SI
Appendix, Fig. S13 A and C). Interestingly, we found a significant
increase in the levels of COA7 (SI Appendix, Fig. S13 A and B) in
control cells where heme biosynthesis was inhibited (+SA) and in
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Fig. 4. COA7 functions as a disulfide reductase in complex IV assembly. (A) Schematic of the heme biosynthetic pathway. Succinylacetone (SA) inhibits the sec-
ond enzyme in the pathway, 5-aminolevulinic acid dehydratase (ALAD). 5-aminolevulinic acid synthase 1 (ALAS1), 5-aminolevulinic acid (5-ALA), porphobilino-
gen (PBG), coproporphyrinogen oxidase (CPOX), ferrochelatase (FECH). (B) The relative abundance of COX1 in mitochondria isolated from the cells indicated
were quantified by densitometry. n = 4, mean + SEM, ordinary one-way ANOVA, using Tukey's multiple comparisons test, ****P < 0.0001; n.s., not significant.
(Q) Analysis of the reduction of a single disulfide bond in SCO1 by Fe™-heme-COA7 via electrospray ionization mass spectrometry. The Top spectrum shows a
deconvoluted experimental molecular weight of oxidized SCO1 (S-S) following iodoacetamide labeling (19,766.52 Da). The Bottom spectrum shows a deconvo-
luted experimental molecular weight of reduced SCO1 following reduction by Fe!-heme-COA7 and iodoacetamide labeling (S-1AA, 19,881.15 Da). (D) Analysis
of the reduction of a single disulfide in SCO2 by Fe™-heme-COA7 via electrospray ionization mass spectrometry. The Top spectrum shows a deconvoluted exper-
imental molecular weight of oxidized SCO2 (S-S) following iodoacetamide labeling (S-IAA, 19,543.48 Da). The Bottom spectrum shows a deconvoluted experi-
mental molecular weight of reduced SCO2 following reduction by Fe!-heme-COA7 and iodoacetamide labeling (19,660.03 Da). (E) Mitochondria isolated from
control, COA7%®, COA7X®+COA7™29 (+COA7™29), and HIGD2AK® cells were subjected to redox analysis by treatment with DTT, iodoacetamide (IAA), and AMS
and analyzed by SDS-PAGE and immunoblotting (IB) with SCO1 and SCO2 antibodies as indicated. RED, reduced SCO1/SCO2; OX, oxidized SCO1/SCO2.

CPOXX cells, both in the presence and absence of SA, suggesting complex I subunit SDHC, which is part of the heme-binding
that levels of COA7 may be modulated by heme. CPOX levels  region of succinate dehydrogenase, levels were reduced i in samples
were relatively similar in control and COA7¥® cells, but for the  where heme biosynthesis was inhibited and in CPOX*® cells as
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expected (SI Appendix, Fig. S134). We next investigated whether
levels of COX1 were perturbed by the inhibition of heme biosyn-
thesis. Following SA treatment, COX1 levels were reduced in con-
trol cells, and interestingly further reduced in COA7%C cells. The
levels of COX1 and COX2 in CPOXX® mitochondria were unaf-
fected by SA treatment (Fig. 4B and SI Appendix, Fig. S13C). Fur-
thermore, analysis by BN-PAGE revealed a robust decrease in the
levels of complex IV in control cells following SA treatment (S
Appendix, Fig. S13D). In addition, the S2 subcomplex present in
COAT7X© cells was not observed in cells treated with SA (SI
Appendix, Fig. S13D), suggesting that this subcomplex requires
heme incorporation for stability and that it is therefore hemy-
lated in COA7XC cells. Taking these data together, we
conclude that COA7 does not function in the delivery or incor-
poration of heme into complex I'V.

Heme-COA7 Is Redox Active and Can Reduce Disulfide Bonds in
Assembly Factor Proteins that Function in Copper Incorporation
into Complex IV. Given the lack of evidence that COA7 facilitates
heme incorporation into complex IV and the apparent spectro-
scopic similarity of heme-loaded COA7 to E. coli cytochrome bsg;
(49), we investigated whether heme-bound COA7 showed redox
activity. The oxidation of Fe(™-heme-COA7 to Fe™ -heme-
COA7 with a mixture of ferri/ferrocyanide was monitored spectro-
photometrically and fit to the Nernst equation to yield a reduction
potential for Fe™-heme-COA7 of —353 mV (SI Appendix, Fig.
S14A4). This reduction potential is lower than those reported for
the disulfide bonds that form the copper coordination sites in the
assembly factor proteins COX17 (—198 mV) (58), SCO1 (—277
mV) (59), SCO2 (less than —300 mV) (60), and COA6 (—349
mV) (10), some of which were detected as interacting partners to
COA7 in the cross-linked proteomics analysis (Fig. 1E and SI
Appendix, Fig. S2 E and F). Reduction of the disulfide bonds
between specific pairs of cysteine residues in these proteins allows
Cu(I) coordination, creating a pathway for insertion of this cofac-
tor into COX2. The functions of SCO1 and SCO2 have been par-
ticularly well characterized. SCO1 binds copper through cysteine
residues 169 and 173 and acts as a metallochaperone for metal
transfer to the Cup site (7, 61, 62). SCO2 acts as a thiol:disulfide
oxidoreductase of SCO1 in vivo and COX2 in vitro (7, 8). These
activities are dependent on Cu binding between cysteine residues
133 and 137 (7, 60).

Given the reduction potential of Fe"™-heme-COA7 is lower
than those reported for SCO1 and SCO2, we tested whether
Fe"™-heme-COA7 could be oxidized by these proteins and
whether there was a concomitant reduction of the disulfide
bonds that form their copper binding sites. Incubation of Fe(D-
heme-COA7 with the oxidized (disulfide-containing) SCO1 and
SCO2 proteins led to oxidation of the Fe™-heme-COA7 to
Fe"D_-heme-COA7 as indicated by the disappearance of the
alpha peaks at 530 and 558 nm and appearance of a feature at
540 nm in the UV-Vis spectrum of the protein (SI Appendix,
Fig. S15 A and B). This observation could not be replicated by
the addition of buffer alone SSI Appendix, Fig. S15C). In addi-
tion, the substitution of Fe"-cytochrome ¢ (with a reduction
potential higher than the SCO1 and SCO?2 proteins at +256 to
266 mV) (63) for Fe™-heme-COA7 showed no spectral
changes, indicating no change in the oxidation state of Fe'V-
cytochrome ¢ (SI Appendix, Fig. S15D).

To test whether the spectrophotometrically observed oxidation
of Fe!™-heme-COA7 corresponded to the reduction of disulfide
bonds within the SCO1 and SCO2 proteins, we analyzed the reac-
tion mixtures before and after incubation with iodoacetamide
(which adds 57 Da per cysteine residue though the generation of
S-carbamidomethylcysteine adducts) by electrospray mass spec-
trometry (Fig. 4 C and D and SI Appendix, Figs. S16-S18). These
experiments revealed the reduction of a single disulfide bond in
both the SCO1 and SCO2 proteins in the presence of Fe™-
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heme-COA7, demonstrating that heme-COA7 has disulfide
reductase activity. This activity could not be observed with hemin
alone, apo-COA7, Fe™_heme-"119AMISOACOAT, or Fe(H)-cyto-
chrome c¢ (SI Appendix, Figs. S17 and S18).

The observed disulfide reductase activity of heme-COA7 sug-
gests that heme-COA7 functions in the reduction of copper bind-
ing sites of these proteins and therefore biogenesis of the Cua
site, which is essential for complex IV assembly. We therefore
examined the redox status of SCO1 and SCO2 in control,
COA7%°, and COA7 rescue cells using 4-acetoamido-4’-maleimi-
dylstilbene-2,2’-disulfonic acid (AMS) as described previously (8)
(Fig. 4E). Relative to control cells, SCO1 and SCO2 in
COAT7XC cells appeared to be predominantly in the oxidized
states, as they were not able to be modified by AMS in the
absence of dithiothreitol (DTT) (Fig. 4E). Re-expression of
COA7™22 was able to restore this defect to what was observed
in control cells. The defect observed in COA7%® mitochondria
is likely not due to a general block in complex I'V assembly, as
the oxidation state of SCO1 and SCO2 in the HIGD2A® mito-
chondria (that also shows a complex IV assembly defect) (30)
resembled control mitochondria (Fig. 4E). In cells, the absence of
COA7 therefore shifts the redox states of the SCO1 and SCO2
proteins toward the oxidized and therefore Cu-free forms, which
agrees with the disulfide reductase activity of heme-COA7
observed in solution.

COA7 Pathogenic Mutations. Pathogenic mutations in the COA7
gene producing the mutant variants "°SCOA7, ®*WCOA7,
137€COA7, and 5'*'COA7 have been identified in patients
exhibiting neurological symptoms of peripheral neuropathy,
ataxia, and leukoencephalopathy (23, 24). Analysis of the crys-
tal structure of COA?7 reveals that residue Arg39 is located on
the C-terminal helix of repeat 1 and is exposed on the outer
surface of the COA7 molecule (Fig. 2E). Residues Tyr137 and
Ser149 are located in the middle of the structure, on repeat 4,
and participate in hydrogen bonding interactions with residues
Glul01 and His112, respectively, which are both found on
repeat 3 (Fig. 2E). Residue Asp6 is at the N terminus of the
molecule and could not be resolved in the crystal structure.

To investigate the effects of the pathogenic mutations identified
in patients, we generated doxycycline-inducible retroviral plasmids
encoding COA7 mutant proteins using the green fluorescent pro-
tein-thosea asigna virus self-cleaving 2A peptide (GFP-T2A) sys-
tem (SI Appendix, Fig. S114) for inducible expression in COA7<®
cells. Equal expression of COA7 and variants was verified by ana-
lyzing whole-cell lysates by SDS-PAGE and immunoblotting using
GFP antibodies (SI Appendix, Fig. S194). Analysis of COA7 levels
in both whole-cell extracts (SI Appendix, Fig. S19B) and isolated
mitochondria (SI Appendix, libg S19C) showed that mitochondrial
levels of P*°COA7 and ®*WCOA7 were similar to COA7, but
the levels of Y'*’COA7 and 5'*"COA7 were reduced. Expres-
sion of COA7" was able to rescue COX1 and COX2 levels
(although not to control levels) in the COA7X® line (Fig. 2D).
However, upon expression of the COA7 variants P°SCOA7,
RIWCOA7, and S'*"COA7, COX1 levels were not rescued, while
COX2 was not detected, indicating that these variants were less
active in complex IV assembly relative to COA7 (Fig. 2D). Expres-
sion of the patient mutation Y*’COA7 and the analogous
YI37SCOA7 protein (containing a similar geometry to the Y137C
patient-identified mutation, but unable to form disulfide bridges)
partially rescued COX1 and COX2 levels (Fig. 2D).

Recombinant, purified forms of **“COA7, Y!*'“COA7,
SIICOA7, and YPSCOA7 were prepared and subjected to dif-
ferential scanning fluorimetry (SI Appendix, Table S4) to measure
their thermal stabilities (64). Reduced protein stabilities relative
to COA7 were observed for all variant proteins, consistent with
the observed decreased expression in mitochondria (SI Appendix,
Table S4). The thermal transition for purified S'**"COA7 could
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not be observed, indicating the protein was most likelg/ misfolded.
The melting temperatures of the ¥*’“COA7 and Y'*>COA7 pro-
teins were 16 to 19 °C lower than COA7. Analysis of the quater-
nary structure of Y'*’“COA7 by analytical ultracentrifugation
showed evidence of concentration-dependent dimerization (as
observed for COA7), in addition to the presence of higher-order
oligomeric states indicative of aggregation. These observations
may explain the reported aggregation and mislocalization of the
YI3'CCOAT protein in cells (15) (SI Appendix, Fig. $20 and Table
S2). Interestingly, Y'*”“COA7 bound hemin with approximately
the same affinity as COA7 gSl Appendix, Fig. S21); however, the
reduction potential of Fe™D-heme-Y'3’CCOA7 was determined
as —256 mV (SI Appendix, Fig. S14B), which is significantly higher

than that for COA7. Neither the oxidation of Fe!™-heme-Y'37¢-
COAT7 nor the reduction of the disulfide bonds on incubation
with the oxidized forms of the SCO1 or SCO2 proteins could be
detected for this COA7 variant (SI Appendix, Figs. S17 and S18).
Therefore, the observed pathogenesis of this mutation is likely
also linked to defects in the disulfide reductase activity of COA7.

Conclusion

Despite the importance of the assembly of complex IV in health
and mitochondrial disease, we have an incomplete understand-
ing of the molecular basis of the biogenesis of this enzyme owing
to a lack of knowledge about the identities, structures, and roles
of all crucial assembly factors (6). The present study shows that
deletion of COA7 resulted in a severe complex IV assembly
defect. Crucially, the absence of COA7 causes specific defects in
the maturation of the COX2 and COX3 modules, resulting in
their degradation and therefore halting complex IV biogenesis.

The high-resolution crystal structure of the human COA7 pro-
tein shows the protein is composed of five SLRs, tethered by disul-
fide bonds. The overall fold of COA?7 is similar to other TPRs and
SLRs, proposed to function in protein—protein interactions due to
their extensive solvent-accessible surfaces (18, 20-22). Fascinatingly,
recombinant COA7 was found to bind heme in solution via axial
His/Met coordination to the heme iron, despite showing no struc-
tural similarity to well-characterized heme-binding folds. However,
our data show that COA7 does not function as a heme chaperone
or in heme transfer to complex IV. Instead, Fe"-heme-COA7 is
able to reduce disulfide bonds within the assembly factors SCO1
and SCO2, which function in the pathway for copper delivery to the
Cuy, site in COX2. In the absence of COA7, the relative ratios of
the oxidized and reduced forms of these proteins in mitochondria
are skewed relative to control samples. The Y137C variant of
COA7, associated with mitochondrial disease in patients, shows an
altered reduction potential and no disulfide reductase activity.

The redox cycling of the SCO1 and SCO2 proteins is essen-
tial for the Cu(I) binding activity of SCO1, which has been pro-
posed to deliver the metal to the Cuy site of COX2 and for the
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thiol disulfide oxidoreductase activity of SCO2, which reduces
COX2 for copper binding (7). The fact that Fe™-heme-COA7
shows disulfide reductase activity toward both SCO1 and SCO2
is fascinating, given their distinct roles. Given the activity of
COA7 overlaps to some extent with that proposed for COA6
(11), the potential for cooperative functions for these proteins
will require further investigation.

To date, the functions of assembly factors such as SCOI,
SCO2, and others in the pathway, including COA6 and
COX17, have been based to a significant extent on in vitro
experiments performed and analyzed without consideration for
the potential function of other assembly factors, such as COA7.
Thus, these studies have arguably painted an incomplete pic-
ture of Cup biogenesis. The fact that COA7 shows redox activ-
ity and its absence accompanies such a significant complex IV
assembly defect reinforce the importance of the of redox status
of proteins within the IMS to this process.

Materials and Methods

Cell line generation, culture conditions, affinity enrichment analyses, proteo-
mics analyses, crystallization, X-ray data collection, structure solution, and
refinement are described in detail in S/ Appendix, S| Materials and Methods.
Human HEK293T cells were used for knockout cell line generation as
described, using CRISPR-Cas9 gene editing (25, 65). Human COA7 and variants
were cloned into the pGEX-6p-1 plasmid with an N-terminal glutathione-S-
transferase tag and expressed and purified from E. coli strain SHuffle T7 (New
England BioLabs). Published methods for heme-binding studies (51, 52) and
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given in S/ Appendix, S| Materials and Methods.
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