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Summary 

Cytochrome c oxidase (COX), the terminal enzyme of mitochondrial electron transport chain, 

couples electron transport to oxygen with generation of proton gradient indispensable for the 

production of vast majority of ATP molecules in mammalian cells. The review summarizes 

current knowledge of COX structure and function of nuclear-encoded COX subunits, which 

may modulate enzyme activity according to various conditions. Moreover, some nuclear-

encoded subunits posess tissue-specific and development-specific isoforms, possibly enabling 

fine-tuning of COX function in individual tissues. The importance of nuclear-encoded subunits 

is emphasized by recently discovered pathogenic mutations in patients with severe 

mitopathies. In addition, proteins substoichiometrically associated with COX were found to 

contribute to COX activity regulation and stabilization of the respiratory supercomplexes. 

Based on the summarized data, a model of three levels of quaternary COX structure is 

postulated. Individual structural levels correspond to subunits of the i) catalytic center, ii) 

nuclear-encoded stoichiometric subunits and iii) associated proteins, which may constitute 

several forms of COX with varying composition and differentially regulated function. 
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Cytochrome c oxidase 

Energy demands of mammalian cells are mainly covered by ATP synthesis carried out by 

oxidative phosphorylation apparatus (OXPHOS) located in the central bioenergetic organelle, 

mitochondria. OXPHOS is composed of five multi-subunit complexes embedded in the inner 

mitochondrial membrane (IMM). Electron transport from reduced substrates of complexes I 

and II to cytochrome c oxidase (COX, complex IV, CIV) is achieved by increasing redox potential 

of individual active centers of complexes and carriers (ubiquinone, cytochrome c). Complex I 

(CI), complex III (CIII) and complex IV couple electron transport with translocation of protons 

across the IMM into intermembrane space (IMS). Proton gradient is then utilized by complex 

V (ATP synthase, CV) as a driving force for ATP production. 

Cytochrome c oxidase (COX), the member of heme-Cu oxidases, is the terminal enzyme of 

mitochondrial electron transport chain (ETC) indispensable for transfer of electrons to the 

terminal electron acceptor, oxygen (Fig. 1). Besides the role in electron transport coupled with 

formation of proton gradient, COX is proposed to have important function in regulation within 

whole OXPHOS system. 

Catalytic core of mammalian COX is composed of three mitochondria-encoded subunits 

(COX1, COX2, COX3), which are homologous to subunits of the prokaryotic aa3 type of 

terminal oxidase. COX1 subunit consists of twelve transmembrane α-helices and three 

catalytic centers of COX enzyme - heme a and binuclear center (BNC) composed of heme a3 

and CuB atom. COX2 subunit is composed of two transmembrane α-helices and bimetallic CuA 

catalytic center (CuI/CuII). COX2 hydrophilic domain in IMS forms binding site for cytochrome 

c. COX3 subunit consists of seven transmembrane α-helices and stabilizes catalytic center of 

COX (Kaila et al. 2010). Without COX3 subunit, stoichiometry of pumped protons decreases in 

both bacterial and mitochondrial enzyme (Hosler 2004; Sharma et al. 2015).  



COX catalyzes electron transfer from cytochrome c to the terminal electron acceptor, 

oxygen, which is reduced to water (Fig. 1). Electrons are received from cytochrome c on 

intermembrane side of COX enzyme following docking of cytochrome c thanks to electrostatic 

interactions of its conserved lysine residues with carboxyl groups of hydrophilic part of COX2 

subunit (Millett et al. 1983). Further, electrons are sequentially transferred through CuA center 

to heme a. Heme a is called electron-queuing site due to dependency of following transfer of 

electrons to BNC (heme a3 and CuB) on proton translocation (Babcock and Wikström 1992). 

Nonpolar channel enables diffusion of oxygen into catalytic center of COX enzyme (Sharma et 

al. 2015; Tsukihara et al. 1996). Heme-oxygen adduct is formed by binding of oxygen into BNC 

and oxygen bond is immediately disrupted. Simultaneous transfer of four electrons is crucial 

as a precaution to reactive oxygen species (ROS) production (Ludwig et al. 2001). Then, BNC 

is regenerated by four reduction steps of catalytic cycle. In each step, one electron from heme 

a and one proton from matrix  (chemical proton) are translocated into BNC, while one proton 

is pumped into IMS by conserved proton channels (Kaila et al. 2010). Binding kinetics of both 

substrates (cytochrome c and O2) is strongly influenced by the magnitude of mitochondrial 

membrane potential, with uncoupling increasing the enzyme turnover (Pannala et al. 2016). 

Enzyme catalysis may be inhibited directly at the binuclear center by non-competitive binding 

of cyanide (CN-) or hydrogen sulfide (H2S), as well by gases competing with oxygen binding 

such as NO and CO.  H2S and NO may represent endogenously produced modulators of COX 

activity in mammals (Cooper and Brown 2008). 

The presence of additional subunits in mammalian COX was initially identified by high-

resolution SDS-PAGE (Kadenbach et al. 1983) and definitively approved by X-ray 

crystallography of bovine heart COX dimer (Tsukihara et al. 1996). These methods identified 

ten nuclear-encoded subunits (COX4, COX5A, COX5B, COX6A, COX6B, COX6C, COX7A, COX7B, 



COX7C, COX8) tightly surrounding the catalytic core. Recently, NDUFA4 has become widely 

accepted as fourteenth stoichiometric COX subunit (Pitceathly and Taanman 2018).  

Assembly of COX enzyme 

Fourteen subunits of mammalian COX monomer are encoded by both mitochondrial and 

nuclear genome. Therefore, expression and posttranslational modifications of individual 

subunits in mitochondria and cytosol need to be coordinated by crosstalk between nucleus 

and mitochondria (Dennerlein et al. 2017). Many auxiliary proteins are involved in assembly 

process, studies on S. cerevisiae uncovered dozens of nuclear-encoded assembly factors 

required throughout all phases of enzyme biogenesis (Fontanesi et al. 2006; Khalimonchuk 

and Rödel 2005; McEwen et al. 1986; Tzagoloff and Dieckmann 1990). The process seems to 

be conserved between yeast and mammals, where most of these factors were also found and 

assigned specific role in: (i) regulation of expression of catalytic core subunits (LRPPRC, TACO1, 

hCOA3, COX14, MITRAC7) (ii) metabolism and insertion of copper cofactors (COX17, SCO1, 

SCO2, COX11, COX19, COA6, COX20 (iii) heme a biosynthesis and insertion (COX10, COX15, 

FDX2, SURF1) and (iv) membrane insertion and processing of catalytic core subunits (OXA1l, 

COX18). Their importance is signified by mutations leading to inherited defects of COX enzyme 

in humans (Pecina et al. 2004; Rak et al. 2016). 

De novo COX assembly was originally viewed as a sequential process (Fig. 2A), which was 

described for the first time by Nijtmans et al. (Nijtmans et al. 1998) based on COX assembly 

kinetics, recognizing several rate-limiting steps of the process. Sequential assembly of COX 

was further documented by several studies based on native polyacrylamide gel 

electrophoresis enabling observation of individual COX assembly intermediates, accumulated 

due to pathogenic mutations in the genes encoding COX subunits or, more frequently, COX 



assembly factors (Fontanesi et al. 2006; Williams et al. 2004). Initially, COX1 subunit is 

synthesized and represents the first S1 intermediate. COX1 is joined by COX4 and COX5A 

subunits, forming second intermediate S2 (Fornůsková et al. 2010). S3 intermediate already 

contains subunits COX2, COX3, COX5B, COX6C, COX7B, COX7C, COX8 (Fornůsková et al. 2010; 

Williams et al. 2004). Then, COX7A and COX6B are added establishing last S4* intermediate, 

and COX6A addition finalizes COX holoenzyme (Fornůsková et al. 2010) (Fig. 2A). 

Alternatively, recent theories consider COX assembly as a linear process in which different 

modules, not subunits, are assembled together into functional enzyme (Vidoni et al. 2017). In 

the modular model (FIG. 2B), each module containing COX subunits with their assembly 

factors and chaperons represents assembly checkpoint (Timón-Gómez et al. 2017; Vidoni et 

al. 2017). For instance, in early assembly stage, formation and stability of COX1 subunit 

associated with MITRAC complex (mitochondrial translation regulation assembly intermediate 

of COX) (Dennerlein and Rehling 2015), is necessary for the addition of COX4-COX5A sub-

module (Mick et al. 2012; Vidoni et al. 2017). Further, COX biogenesis is regulated by 

assembly-controlled translational plasticity, which means that without nuclear-encoded 

subunits involved in early stages of COX biogenesis (COX4), translation of COX1 subunit is 

abolished and remains stalled as a ribosome-nascent chain complex containing MITRAC 

component C12ORF62 (Richter-Dennerlein et al. 2016). 

The modular model significantly refined the previous sequential assembly scheme. 

Nevertheless, further studies using knock-out models of individual nuclear-encoded subunits 

are needed to precisely identify their respective role and position in enzyme assembly. 

Besides de novo assembly, direct incorporation of some nuclear-encoded subunits into 

existing holoenzyme, similarly as found in other OXPHOS complexes, is also possible in COX. 

Candidate proteins for this process are subunits involved in later intermediates of the de novo 



assembly, namely COX6A, COX6B and COX7A, which may be incorporated into COX monomer 

or even COX assembled into supercomplexes (Lazarou et al. 2009). This process employs a 

conserved late state intermediate (LSI) complex containing COX6A and COX7A subunits with 

ancillary factors facilitating their incorporation. The proposed mechanism of nuclear-encoded 

subunits replacement in COX holoenzyme may be employed for the exchange of isoform pairs 

of nuclear-encoded subunits during changing conditions, or for quality control and 

replacement of damaged components. Perspectively, mastering this mechanism may lead to 

development of therapeutic approaches aiming to substitute pathogenic variants of 

respective subunits.  

COX in supercomplexes 

Individual electron transport chain (ETC) complexes were shown to form higher 

organization structures, termed respiratory supercomplexes. Existence of supercomplexes is 

consistent with the plasticity model of respiratory chain organization in IMM (Acín-Pérez et al. 

2008; Enríquez 2016), which suggests coexistence of both solid-state (Chance and Williams 

1955) and random collision models (Chazotte and Hackenbrock 1989). Content and ratio of 

various supercomplexes differ among species and tissues (Schägger and Pfeiffer 2000). 

In mammals, arrangements of supercomplexes composed of Complex I, Complex III and 

Complex IV were studied mostly by 1-D/2-D BN-PAGE and 1-D CN-PAGE (Wittig and Schägger 

2005). The most abundant supercomplex in bovine heart is  I1III2IVn (n = 1-4) supercomplex, 

also called respirasome (Schägger and Pfeiffer 2000). The most detailed architecture of 

respirasome were solved at 5.8 Å (Letts et al. 2016) and at 4.0 Å (Wu et al. 2016) in ovine and 

porcine heart, respectively. Moreover, the structure of human 14-subunit COX monomer 

containing NDUFA4 was already published (https://doi.org/10.1038/s41422-018-0071-1). 

https://doi.org/10.1038/s41422-018-0071-1


These structures provide strong indication that COX is incorporated into supercomplexes as a 

catalytically competent momomer. Recently published structure suggests the existence of a 

circular I2III2IV2 megacomplex (Guo et al. 2017).  

Despite current studies focusing on supercomplex architecture, their precise physiological 

role is questioned and remains unresolved (Hirst 2018). Suggested functions include electron 

channeling, ROS production prevention, as well as their involvement in assembly and 

stabilization of individual complexes (Letts and Sazanov 2017). 



COX nuclear-encoded subunits 

Nuclear-encoded subunits include eleven different proteins (COX5A, COX5B, COX6C, 

COX7C, COX4, COX6B, COX7B, COX6A, COX7A, COX8, and NDUFA4), six of which exist even in 

isoforms. They surround the conserved catalytic core (Fig. 3) and are not crucial for catalytic 

function, but may modulate COX activity under various conditions. They represent eukaryotic 

innovation in COX structure and function. Although numerous genes were relocated from 

mitochondrial genome into nucleus after endosymbiosis, COX nuclear-encoded subunits did 

not originate in mitochondrial genome (Szklarczyk and Huynen 2010). No homologous genes 

were found in either Rickettsia prowazekii (the closest taxon to the hypothetic endosymbiont), 

or in Reclinomonas americana genome, which retained largest number of genes in mtDNA 

(Andersson et al. 1998; Das et al. 2004; Lang et al. 1997). Many COX nuclear-encoded subunits 

may be found in genome of Drosophila melanogaster, Saccharomyces cerevisiae and 

Arabidopsis thaliana, which suggests appearance of these subunits before the split of 

eukaryotic lineages (Das et al. 2004; Pierron et al. 2012). Moreover, some nuclear-encoded 

subunits show two or three tissue-specific and development-specific isoforms, which were 

created by gene duplication. Selective pressure could have shaped specialized function and 

tissue-specific expression of isoform pair subunits (Little et al. 2010; Pierron et al. 2012). 

Single isoform subunits COX5A, COX5B, COX6C and COX7C 

Subunit COX5A, which is located on matrix side of COX enzyme, consists of five α-helices 

forming right-handed superhelix (Tsukihara et al. 1996). Bovine heart enzyme COX5A subunit 

was shown to specifically bind 3,5-diiodothyronine (T2), which abolished allosteric ATP-

inhibition of COX and stimulated energetic metabolism (Cimmino et al. 1996; Lanni et al. 

1996). Besides, overexpression of COX5A subunit in non-small-cell lung carcinoma (NSCLC) 



cells correlated with more efficient migration and invasivity of NSCLC cells (Chen et al. 2012a). 

Moreover, interaction of COX5A with anti-apoptotic Bcl-2 protein may increase accumulation 

of COX5A subunit in mitochondria and slightly increase oxidative stress, which positively 

affects cancer cells viability and proliferation (Chen and Pervaiz 2010). 

COX5B is a matrix-facing subunit without transmembrane domain. Knockdown of COX5B in 

RAW 264.7 macrophage line resulted in decreased COX activity and membrane potential while 

ROS production was increased. COX assembly intermediates were accumulated in COX5B 

knockdown cells, which suggests importance of COX5B for COX assembly (Galati et al. 2009). 

In addition, COX5B was found to interact with regulatory subunit of cAMP-dependent protein 

kinase A, which inhibits COX activity (Yang et al. 1998). COX5B to COX1 ratio is prominently 

increased in cancer cells with higher expression of COX5A subunit (Chen et al. 2012a; Chen 

and Pervaiz 2010; Krieg et al. 2004). Moreover, COX5B expression was upregulated in 

malignant glioma (Hu and Xi 2017) and breast cancer (Gao et al. 2017b), suggesting COX5B as 

a novel biomarker of  these pathologies. 

No regulatory function of COX6C and COX7C subunits has been reported yet, despite their 

interaction with catalytic core subunits COX1 and COX2 (Tsukihara et al. 1996). 

Subunits with tissue-specific isoforms: COX4, COX6B, COX7B and NDUFA4 

COX4 is the largest nuclear-encoded subunit of COX. Interaction of its transmembrane helix 

with catalytic subunit COX1, as well as large membrane-extrinsic domain in mitochondrial 

matrix predisposes this subunit for regulatory function. Moreover, COX4 together with COX6B 

are crucial for docking of cytochrome c on its binding site in subunit COX2 (Sampson and 

Alleyne 2001). Thus, COX4 subunit represents possible tool for fine-tuning of COX enzyme and 

consequently the whole OXPHOS system. In mammals, COX4 subunit has two distinct isoforms 



(Hüttemann et al. 2001), which are expressed in tissue-dependent and oxygen-dependent 

manner, and thus can play a significant role in modulation of COX activity in response to 

changing conditions. COX4I1 isoform is expressed ubiquitously in all mammalian tissues while 

COX4I2 expression was found in adult and fetal lung, heart, brain (Hüttemann et al. 2001). 

COX4 subunit contains ATP/ADP binding sites, which can sense energy status of the cell and 

therefore regulate activity of the enzyme according to current metabolic needs (Acín-Pérez et 

al. 2011). ATP binding site in matrix domain mediates allosteric inhibition of enzyme activity 

(Acín-Pérez et al. 2011; Arnold and Kadenbach 1997; Bender and Kadenbach 2000; Lee et al. 

2002; Lee et al. 2005). This regulation is abolished by phosphorylation mediated by 

intramitochondrial protein kinase A pathway (Acín-Pérez et al. 2011). Importantly, this 

regulation should not be functional in COX4I2 isoform due presence of negatively charged 

residues in the region homologous to ATP binding site in COX4I1. 

Increased expression of COX4I2 isoform under hypoxia was detected in numerous 

mammalian cell types. The switch in isoform expression is triggered by signaling pathway 

dependent on partial pressure of oxygen in the cell. Two possible mechanisms were proposed 

in literature. The first study showed that expression of COX4 isoforms in mammals is regulated 

by hypoxia inducible factor-1, HIF-1, acting at hypoxia-response elements identified in human 

COX4I2 gene promoter (Fukuda et al. 2007). Alternatively, novel oxygen responsive element 

(ORE) was discovered in proximal promoter sequence of COX4I2 gene in mouse, rat, beef and 

human (Hüttemann et al. 2007). Candidate ORE-binding factors were found in HEK293 cells. 

As activators of transcription were identified RBPJ (recombination signal sequence binding 

protein Jκ), whose main role is in evolutionarily conserved NOTCH signaling pathway, and 

CHCHD2 (coiled-coil-helix-coiled-coil-helix domain 2, alternatively MNRR1). These factors 



together allow hypoxic activation of COX4I2 promoter. CXXC5 (CXXC finger protein 5) was 

identified as a repressor of COX4I2 transcription, mainly under normoxia (Aras et al. 2013). 

Recently, major progress in understanding the physiological role of COX4I2 has been 

achieved. Studies employing mouse COX4I2 knock-out model revealed that this isoform is 

essential for pulmonary hypoxic vasoconstriction (HPV) (Sommer et al. 2017). More recently, 

increased expression of COX4I2, along with two atypical COX subunits – COX8B and NDUFA4L2 

controlled by HIF-2α was observed in glomus cells of carotid bodies in mice. Such atypical COX 

complex present in these specialized cells was suggested as a sensor involved in acute oxygen 

sensing (Gao et al. 2017a; Moreno-Dominguez et al. 2019). Mechanism of oxygen sensing both 

in HPV and in carotid bodies is associated with changes of mitochondrial redox status and 

increased ROS production during hypoxia. To facilitate its role as an oxygen sensor, oxygen 

affinity of the enzyme may be differentialy modulated by COX4 isoforms. Indeed, our recent 

results indicate that exchange of COX4I1 by COX4I2 isoform in HEK293 cells leads to two-fold 

reduction in COX oxygen affinity (Pajuelo Reguera et al. 2020). This represents a novel 

parameter that can be modified by COX subunits isoforms switch. 

IMS side oriented COX6B subunit should mediate tight interaction between two monomers 

of COX in dimer (Tsukihara et al. 1996). COX6B1 isoform loss imposed by mild solubilization 

resulted in two-fold increased enzyme activity due to monomerization of COX dimer, but 

without changes in stoichiometry of translocated protons. Reportedly it was due to the loss 

of cooperative behavior of COX dimer’s monomers in cytochrome c binding kinetics 

(Kadenbach and Hüttemann 2015; Weishaupt and Kadenbach 1992). Second COX6B isoform 

(COX6B2) in mammals is specifically expressed only in testis, and thus extends a group of 

testes-specific mitochondrial proteins, such as ANT4 isoform of adenine nucleotide 

translocator (Dahout-Gonzalez 2006) or cytochrome c (Hüttemann et al. 2003). However, 



testis isoform of cytochrome c is not conserved in primates (Krzyzosiak et al. 2000). Contrary 

to COX6B1 isoform, COX6B2 contains two tyrosine residues, which hypothetically may be 

phosphorylated by global cAMP-dependent tyrosine phosphorylation event crucial for 

activation of sperm motility (Krzyzosiak et al. 2000). Moreover, two independent proteomic 

studies linked decreased COX6B-2 content with aberrant sperm motility (Cao et al. 2018). 

COX7B1 isoform of COX7B subunit is important for COX assembly and activity (Indrieri et 

al. 2012). Unfortunately, function of COX7B2 isoform was not determined yet. Nevertheless, 

mouse COX7B2 isoform expands the group of testes-specific proteins, possibly adapting testes 

metabolism (Kadenbach and Hüttemann 2015). Chinese patients with nasopharyngeal cancer 

showed five different single nucleotide polymofphisms (SNPs) in COX7B2 gene, one of them 

leading to His26Gln substitution. This mutation is probably associated with higher 

nasopharyngeal cancer risk (Liang 2004). 

NDUFA4 (COXFA4) protein, originally considered complex I subunit (Carroll et al. 2003), was 

found to associate with COX where it may augment enzyme activity (Balsa et al. 2012; 

Pitceathly et al. 2013). Moreover, NDUFA4 was recently detected in stoichiometric ratio to 

canonical COX subunits, and was therefore suggested as a bona fide fourteenth subunit of 

mammalian enzyme (Balsa et al. 2012; Pitceathly and Taanman 2018). Authors explain 

notorious absence of NDUFA4 subunit in COX crystal structures by loss of its association with 

COX during purification using high concentration of detergent dodecylmaltoside (Balsa et al. 

2012; Pitceathly et al. 2013; Tsukihara et al. 1996). Indeed, structure of the 14-subunit human 

COX containing NDUFA4 was derived from cryo-EM structure of intact respirasome extracted 

by mild detergent digitonin (Zong et al. 2018). Expression of second isoform of this subunit, 

NDUFA4L2, was detected as COX component in glomus cells of carotid bodies. Its HIF-2α 

induced expression along with COX4I2 and COX8B hypothetically leads to formation of non-



canonical COX complex essential for acute oxygen sensing (Moreno-Dominguez et al. 2019). 

Recently, a third NDUFA4 isoform, COXFA4L3 (C15orf48, Nmes1), was described in mouse 

testis, possibly having a role during spermatogenesis (Endou et al. 2020). 

Subunits with pair of heart and liver isoforms: COX6A, COX7A and COX8 

Subunits COX6A, COX7A and COX8 share tissue-specific and development-specific manner 

of isoforms expression. Isoform H (heart) is expressed in heart and skeletal muscle, while 

isoform L (liver) is ubiquitously expressed in all other tissues (Bonne et al. 1993). 

COX6A subunit is in contact with COX1 subunit of opposite COX monomer in dimer and is 

supposed to stabilize it (Radford et al. 2002). Its two isoforms were discovered by COX6A N-

terminal amino acids sequencing of subunit from mammalian liver and heart (Linder et al. 

1995). Expression of heart isoform, COX6A-H, is development-specific, exchange of COX6A-L 

to COX6A-H occurs during the third month after the birth (Boczonadi et al. 2015; Bonne et al. 

1993; Ewart et al. 1991). COX6A-L isoform in COX reconstituted from bovine kidney showed 

decreased proton pumping ability after addition of free palmitate, while other fatty acid or 

palmitoyl-CoA had no effect. This effect did not occur in heart isozyme (Lee and Kadenbach 

2001). Instead, COX6A-H isoform contains ADP-binding site on its N-terminus oriented 

towards matrix, which mediates allosteric activation of reconstituted COX from bovine heart 

(Anthony et al. 1993). In contrast, high ATP content leads to decreased stoichiometry of 

pumped protons causing significant decrease in P/O quotient (Kadenbach et al. 1995). 

Proposed physiological role of this mechanism is stimulation of thermogenesis in muscle 

under resting conditions. COX6A-H deficient mice model showed decrease in heart muscle 

tissue COX activity, which correlated with decreased COX holoenzyme content. Thus, COX6A-

H absence affects COX assembly or stability (Radford et al. 2002). 



COX7A-H (COX7A1) isoform gene deletion in mice leads to decreased COX activity, even 

though the missing isoform is replaced by COX7A-L (COX7A2) in heart COX (Hüttemann et al. 

2012). Moreover, COX7A subunit possesses a third isoform, SCAF1 (supercomplex assembly 

factor 1) (COX7A2L, COX7AR), which has similar expression pattern as COX7AL (Schmidt et al. 

1999).  

SCAF1 was originally described as responsible for the incorporation of COX into the 

supercomplexes (Lapuente-Brun et al. 2013). However, the presence of COX in the 

respirasomes was detected even if SCAF1 was defective (Mourier et al. 2014). Later, the 

preferential association of SCAF1 with CIII was identified (Perez-Perez et al. 2016).  Its role in 

the interaction of CIII with COX was confirmed, its absence however did not necessarily lead 

to complete impairment of COX interaction with the respirasome (Williams et al. 2016; Lobo-

Jarne et al. 2018). COX7A isoform exchange depending on the COX species involved 

(monomer, dimer or supercomplexes) and the existence of two types of respirasome with and 

without SCAF1 was proposed (Cogliati et al. 2016, Letts and Sazanov 2017). SCAF1 homology 

to COX7A subunits enables it to replace COX7AH or COX7AL and thus bind the complexes III 

and IV together to stabilize the III2IV supercomplex. This would then interact with CI forming 

the I1III2IV1 supercomplex (respirasome). Otherwise, COX containing COX7A2 is recruited by 

supercomplex I1III2 forming a variant population of respirasomes. COX7A1 containing COX was 

detected only in COX dimers (Cogliati et al. 2016; Letts and Sazanov 2017; Milenkovic et al. 

2017).  

Further, COX7A2L was described as a stress-inducible COX subunit which is neccesary for 

metabolic regulation and Warburg effect induction in human breast cancer cells (Zhang et al. 

2016). 



COX8 subunit, which is crucial for enzyme stability (Hallmann et al. 2016), is present in three 

different isoforms in mammals. However, humans retained only the COX8-L isoform, while 

COX8-H lost its function and became a pseudogene (Goldberg et al. 2003).  

COX-associated proteins 

Several proteins were discovered to comigrate with COX in native electrophoreses, 

although they were not identified within crystal structure of COX before. They are loosely 

attached to COX and therefore released from the complex by solubilization preceding 

structural studies. Further, they may not be associated as COX subunits under all conditions, 

thus representing sub-stoichiometric COX components. Their role within the complex may be 

modulation of enzymatic function or regulation of COX incorporation into supercomplexes. 

One of the associating proteins, MNRR1 (CHCHD2), was co-immunoprecipitated with COX 

in sub-stoichiometric ratio to COX1 and COX2 catalytic subunits. Its predicted function is 

regulation of dimeric COX or incorporation of COX into supercomplexes (Aras et al. 2015; 

Grossman et al. 2017). Moreover, MNRR1 might serve as an oxidative stress sensor, as MNRR1 

absence increases ROS production. This hypothesis is supported by presence of cysteine 

residues, which may be differentially modified under changing redox condtions. MNRR1 role 

in redox signaling might also be connected with its translocation from mitochondria into 

nucleus and activation of COX4I2 expression (Aras et al. 2015; Hüttemann et al. 2001). 

Interaction with COX depends on MNRR1 phosphorylation status. Tyr99 of MNRR1 is 

phosphorylated by the Abl2 kinase, which enhances COX binding and regulates respiratory 

activity during stress (Aras et al. 2017). Stress-regulated association of CHCHD2 with CHCHD10 

was implicated in neurological disorders such as Parkinson’ disease or amyotrophic lateral 

sclerosis, but without functional link to COX (Imai et al. 2019). 



HIGD1A, which displays hypoxia-induced expression (Hayashi et al. 2015), is a homolog of 

yeast protein Rcf1 that promotes supercomplexes assembly (Strogolova et al. 2012). However, 

in mammals its function seems to be quite different. HIGD1A association with COX was 

supposed to cause conformational changes around heme a, which may enable proton 

pumping through non-canonical H-pathway (Hayashi et al. 2015). Thus, HIGD1A could  

contribute to sustain ATP production by OXPHOS under hypoxia (Hayashi et al. 2015). 

Interestingly, HIGD1A was later described as an early binding protein in COX biogenesis (Vidoni 

et al. 2017), indicating an alternative role in enzyme assembly. HIGD2A was firstly shown to 

be involved in assembly and stabilization of COX-containing supercomplexes, similar to its 

yeast homolog Rcf1 (Chen et al. 2012b). Recently, HIGD2A was proposed to be important even 

for COX3 module assembly (Hock et al. 2020; Timon-Gomez et al. 2020), while HIGD1A is 

involved in association of COX with complex III (Timon-Gomez et al. 2020). However, HIGD1A 

overexpression can alleviate HIGD2A deficiency, suggesting that the role of these two proteins 

is partially overlapping (Timon-Gomez et al. 2020). 

Nuclear-encoded COX subunits involved in mitochondrial pathologies 

Mutations in COX assembly factors genes represent frequent cause of mitochondrial 

diseases (Pecina et al. 2004). In these cases usually, residual COX activity is retained in spite of 

enzyme assembly being severely impaired (Stibůrek and Zeman 2010). The putative existence 

of mutations in nuclear genes encoding COX subunits had long been considered doubtful, as 

they could lead to total COX absence and thus more severe phenotype. Nevertheless, since 

2008, rare mutations leading to hereditary human diseases, as encephalomyopathy and 

cardiomyopathy, were found in eight genes encoding COX nuclear-encoded subunits (Table 

1).  



The largest nuclear-encoded subunit COX4 has two pathogenic variants in COX4I1 isoform 

gene and one in COX4I2 isoform gene. Homozygous mutation in COX4I1 gene (Lys101Asn) was 

described in patient suffering from Fanconi anemia-like disease (Abu-Libdeh et al. 2017). 

Lys101Asn mutation affects conserved Lys residue localized in transmembrane helix domain 

contacting COX1 and COX2 catalytic core subunits. Mutation attenuated COX4I1 mRNA 

expression, causing decrease in COX activity and ATP production, and increased ROS 

production. COX4I1 protein was undetectable by Urea-SDS-PAGE/WB analysis in patient 

fibroblasts, which seems unlikely as loss of COX4I1 protein would completely prevent 

assembly of COX holoenzyme. Complementation by wild-type COX4I1 transduction into 

patient fibroblasts resulted in restoration of COX activity and ATP production (Abu-Libdeh et 

al. 2017). Recently published mutation of COX4I1 gene (Pro152Thr) was identified as a cause 

of pathology mimicking Leigh syndrome, typical for COX deficiencies (Pillai et al. 2019). The 

affected proline residue is evolutionary conserved part of C-terminal IMS domain 

neighbouring with COX2 and COX6C subunit near cytochrome c docking site. Its substitution 

by threonine leads to decreased COX activity in skeletal muscle (Pillai et al. 2019). However, 

the precise impact of COX4I1 Pro152Thr substitution on COX biogenesis, maintenance and 

function in OXPHOS context should be further characterized by biochemical and functional 

experiments. 

COX4I2 gene revealed missense mutation (Glu138Lys) leading to exocrine pancreatic 

insufficiency, dyserythropoeitic anemia, and calvarial hyperostosis in 4 patients (Shteyer et al. 

2009). Comparison of mRNA expression in patient fibroblasts under normoxic and hypoxic 

conditions showed blunted increase of COX4I2 isoform expression under hypoxia. Comparison 

of mRNA levels of COX4I1 and COX4I2 isoforms in whole pancreas and pancreatic islets 

revealed that COX4I2 isoform is mainly situated in acinar cells responsible for exocrine 



function of the pancreas (Shteyer et al. 2009). Detailed biochemical consequences of COX4I2 

mutation remain to be characterized in detail.  

The first documented case of pathology coupled with nuclear-encoded COX subunit 

mutation was homozygous Arg20His substitution in COX6B1, associated with infantile 

encephalomyopathy (Massa et al. 2008). Later, another COX6B1 substitution mutation in the 

same site (Arg20Cys) was identified in patient with encephalomyopathy, hydrocephalus and 

hypertrophic cardiomyopathy (Abdulhag et al. 2015). Described mutations lead to substitution 

in evolutionary conserved region that is, according to the protein modeling, crucial for COX6B1 

protein conformation and its predicted contact with COX2 catalytic core subunit. Biochemical 

analysis of patient fibroblasts and muscle tissue harbouring Arg20His mutations revealed 

reduced COX6B1 protein steady-state level and decreased incorporation of mutated COX6B1 

subunit into COX enzyme during assembly, recorded by presence of assembly intermediate S3 

possibly preceding addition of COX6B1 subunit (Massa et al. 2008). Correspondingly, COX 

activity was decreased in patient cells while other OXPHOS complexes were not affected. 

Introduction of wild-type COX6B1 protein into mutated cells complemented the defect by 

increased COX holoenzyme content and COX activity as well. Even though overall outcome of 

both COX6B1 mutations is very similar, Arg20Cys substitution results in more severe COX 

deficiency than Arg20His (Abdulhag et al. 2015). 

COX5A subunit mutation was found as a cause of pulmonary arterial hypertension and 

lactic acidemia in two patients (Baertling et al. 2017). Arg107Cys substitution is localized in 

conserved COX5A region contacting N-terminal matrix domain of COX4 subunit and is 

supposed to abolish proper COX4/COX5A interaction. Correspondingly, patient fibroblasts 

showed reduced content of assembled COX with accumulated S1 assembly intermediate 

supporting COX5A subunits importance for early stages of COX assembly process. COX defect 



was successfully complemented by introduction of wild-type COX5A protein increasing fully 

assembled COX level.  

Three different mutated variants of COX7B1 gene resulting in frame-shift or stop-codon 

were discovered to yield in X-linked microphthalmia with linear skin lesions (Indrieri et al. 

2012). To explore possible function of COX7B subunit and outcome of these mutations, 

authors prepared model of silenced COX7B1 subunit in HeLa cell-line. COX7B1 knock-down 

HeLa cells resulted in reduced amount of assembled COX, while COX assembly intermediates 

were not detected. Functional measurements pointed out respiratory defect following COX7B 

protein deficiency (Indrieri et al. 2012).  

COX6A1 gene 5 bp deletion mutation was associated with Axonal form of Charcot-Marie-

Tooth syndrome patients, which cause decrease in COX6A-L isoform expression resulting in 

impaired COX activity and ATP production (Tamiya et al. 2014). Patient phenotype of muscle 

atrophy was reproduced in mice model of COX6A1 knock-out. COX6A1 mutation is therefore 

one of dozens of genes connected to CMT pathology. 

COX8A isoform mutation was described in Leigh-like syndrome patients with 

leukodystrophy and epilepsy (Hallmann et al. 2016). Mutation leads to aberrant splicing 

resulting in loss of normal COX8A transcript and protein, which affects amount of assembled 

COX enzyme in patient fibroblasts and skeletal muscle tissue without accumulation of COX 

assembly intermediates. Therefore, COX8A subunit seems to be important for COX enzyme 

stability and not for biogenesis. Loss of normal COX8A protein is not compensated by elevation 

of COX8C expression. Complementation of patient fibroblasts by wild-type COX8A refined 

isolated COX defect (Hallmann et al. 2016). 

In the most recently described COX subunit NDUFA4 (COXFA4) gene, a homozygous 

mutation of donor splicing site was discovered in Leigh syndrome patients (Pitceathly et al. 



2013). Mutation leads to frame-shift with premature stop-codon formation, resulting in 

NDUFA4 loss. Patient muscle mitochondria presented with decreased COX activity. Moreover, 

lower content of assembled COX was not coupled to accumulation of assembly intermediates, 

therefore NDUFA4 is possibly joining COX complex in the very last steps of COX assembly 

(Pitceathly et al. 2013), which was later confirmed by Vidoni et al. (Vidoni et al. 2017). 

According to the current knowledge of nuclear-encoded subunits mutations in patients we 

can expect that early-assembling subunits essential for COX biogenesis would not show null 

mutations compared to subunits involved in the final steps of assembly, as documented by 

substitution mutations in the case of subunits COX4, and COX5A. In contrast, even though 

mutations of subunits COX6A1, COX7B1, COX8A and NDUFA4 lead to aberrant splicing or 

frameshifts, which practically eliminate the corresponding subunits, at least residual COX 

activity is retained in these cases. 

Conclusion 

Since the canonical composition of mammalian cytochrome c oxidase was characterized by 

Kadenbach and coworkers (Kadenbach et al. 1983), research of COX structure and function 

became extremely complex with discoveries of subunits isoforms, associating proteins, 

posttranslational modifications or allosteric regulators. Based on the knowledge reviewed in 

this article, we propose three “levels” of COX structure (Fig. 4). First level is formed by 

irreplaceable mitochondria-encoded subunits (COX1, COX2, COX3), which form catalytic core 

necessary for enzymatic function. Nuclear-encoded subunits with their isoforms facilitating 

tissue-specific and environmental regulation of COX that are tightly bound to the catalytic core 

and are present in COX complex in stoichiometric ratio represent the second level. Finally, 

supernumerary non-stoichiometric proteins that may associate with COX only loosely or 



temporarily represent the final structural layer. With the pallete of different isoforms and 

proteins associating with COX at the second and third level of multisubunit arrangement, COX 

may be composed differently under diverse physiological conditions (Brzezinski and Larsson 

2003). These structural modifications should optimize COX function to meet current energy 

demands, enable it to respond to relevant signaling pathways or regulate its interactions with 

other OXPHOS complexes.  

Disease-associated mutations in nuclear-encoded subunits of COX have started to emerge 

lately. Their number is expected to increase with the development of modern diagnostic 

techniques. Even though these pathogenic mutations were annotated in terms of sequence 

and impact on protein expression, their biochemical manifestation is still missing in many 

cases. Characterization of these mutations on functional level may lead to better 

understanding of the role of the respective subunits, but is complicated due to limited access 

to patient material. Therefore, we propose to employ cell-line based models with uniform 

genetic background to introduce the pathogenic gene variants. Such models may be 

investigated without limitations and should help uncover details on etiopathogenic 

mechanisms of these severe defects. 
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 Table 1. Pathogenic mutations in nuclear genes encoding COX subunits 

 

  

Gene 
DNA change 

(cDNA) 
Protein/RNA 

change 
Mutation Disease Cases Publication 

COX4I1 c.303G>T p.Lys101Asn homozygous Fanconi anemia 1 
(Abu-Libdeh 
et al. 2017) 

COX4I1 c.454C>A p.Pro152Thr homozygous 

Leigh syndrome with 
developmental regression, 
intellectual disability, and 

seizures 

2 
(Pillai et al. 

2019) 

COX4I2 c.412G> A p.Glu138Lys homozygous 

Exocrine pancreatic 
insufficiency, dyserythropoeitic 

anemia, and calvarial 
hyperostosis 

4 
(Shteyer et 
al. 2009) 

COX5A c.319C>T p.Arg107Cys homozygous 
Pulmonary arterial 

hypertension, lactic acidemia 
2 

(Baertling et 
al. 2017) 

COX6A1 
c.247−10_24
7−6delCACT

C 

alternative 
splicing 

homozygous 
Axonal form of Charcot-Marie-

Tooth syndrome 
3 

(Tamiya et al. 
2014) 

COX6B1 c.59G>A p.Arg20His homozygous Encephalomyopathy 2 
(Massa et al. 

2008) 

COX6B1 c.58C>T p.Arg20Cys homozygous 
Encephalomyopathy, 

hydrocephalus, hypertrophic 
cardiomyopathy 

1 
(Abdulhag et 

al. 2015) 

COX7B1 
c.196delC   
c.41-2A>G   
c.55C>T 

p.Leu66Cysfs∗48   
p.Val14Glyfs∗19   

p.Gln19∗ 
heterozygous 

X-linked microphthalmia with 
linear skin lesions 

3 
(Indrieri et al. 

2012) 

COX8A c.115-1G>C aberrant splicing homozygous 
Leigh-like syndrome with 

leukodystrophy and epilepsy 
1 

(Hallmann et 
al. 2016) 

NDUFA4 c.42+1G>C aberrant splicing homozygous Leigh syndrome 4 
(Pitceathly et 

al. 2013) 



Legend to figures 

Figure 1. COX structure and catalytic function scheme. Left- Model of COX crystal structure. 

Subunits of COX catalytic core – COX1 (yellow), COX2 (green), and COX3 (blue) are shown in 

cartoon mode, surrounded by nuclear-encoded subunits depicted in surface mode (semi-

transparent. Right - COX catalytic core, COX1 (yellow), COX2 (green), and COX3 (blue) with 

substrate protein cytochrome c (red). Dashed blue lines depict oxygen conversion to water at 

binuclear center as a result of electron transfer from cytochrome c through metallic prosthetic 

cofactors and consumption of four protons. Orange line delineates proton pumping across 

inner mitochondrial membrane.  Structural images are based on PDB files 5Z62 (COX) and 2N9J 

(cytochrome c) 

Figure 2. Two alternative views of COX assembly. Diagrams show the original model of 

sequential incorporation of COX subunits (A), or assembly model assuming preassembly of 

individual subunit modules (B). See text for detailed description. Structural images are based 

on PDB file 5Z62. 

Figure 3. Arrangement of nuclear-encoded subunits in COX monomer. Two 180° mutually-

rotated images of COX monomer depict position of individually-marked nuclear-encoded 

subunits. Mutations in genes encoding the underlined subunits were associated with human 

pathologies. Images are based on PDB structure 5Z62. 

Figure 4. Diagram of multi-level COX composition. Three-level COX composition is proposed: 

i) subunits of catalytic core (red), ii) stoichiometric nuclear-encoded subunits (yellow) with 

single (annotated in black) or two/multiple isoforms (annotated in black) iii) COX-associated 

proteins (blue). Factors controlling COX subunit composition on gene-expression level (upper 

part, in red), and in situ regulatory mechanisms (side, in green), which may act differentially 



on COX complexes with varying composition, modulate functional output and interactions of 

OXPHOS complexes (bottom part, in blue). 
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