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ABSTRACT OF THE DISSERTATION 

 

Investigation of the Endoplasmic Reticulum-Mitochondria Encounter Structure in Regulating 

Coenzyme Q Biosynthesis 

 

by 

Noelle Alexa Villasin Novales 

Doctor of Philosophy in Biochemistry, Molecular & Structural Biology 

University of California, Los Angeles, 2024 

Professor Catherine F. Clarke, Chair 

 

Coenzyme Q (CoQn or ubiquinone) is an essential lipid molecule containing a redox-

active benzoquinone head group and polyisoprenoid tail of varying length, denoted by n. The 

structural features of CoQ afford its ability to perform its role as a mobile electron carrier in the 

mitochondrial electron transport chain. Its synthesis is driven by the nuclear-encoded Coq 

polypeptides, several of which are required to assemble into a protein-lipid complex, the CoQ 

synthome. The formation of the CoQ synthome is coordinated by the endoplasmic reticulum-

mitochondria encounter structure (ERMES), a membrane contact site that bridges the ER and 

mitochondria. CoQ deficiency results in various clinical manifestations, therefore it is imperative 

to have a holistic understanding of how CoQ is endogenously synthesized and distributed, and 

how these processes are regulated. We utilize Saccharomyces cerevisiae as a model organism 

given the high functional conservation of COQ genes and mitochondrial membrane contact sites 

with humans. Chapter 1 details an overview of the members required for CoQ biosynthesis and 
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discusses the relationship between the CoQ synthome and ERMES. Chapter 2 focuses on the 

recharacterization of Coq10 using nonfunctional Coq10 isoforms. The COQ10 gene is positioned 

adjacent to MDM12, which encodes the cytosolic subunit of ERMES. Due to this arrangement, 

we discovered that deletion of COQ10 impacts MDM12 expression, resulting in diminished 

Mdm12 protein content and ERMES dysfunction. We use CRISPR-Cas9 to introduce mutations 

within COQ10 that preserve MDM12 expression, thereby maintaining ERMES. We show that 

Coq10 is not required for CoQ synthome assembly, and phenotypes associated with the coq10Δ 

mutant were due to the impact on ERMES. Considering ERMES may have a specific role in 

CoQ synthome assembly, Chapter 3 evaluates if ERMESΔ mutants can be rescued by deleting 

COQ11. The COQ11 gene product is proposed to be a negative modulator of CoQ synthome 

assembly, indicated by the ability of the COQ11 deletion to rescue complex stability in the 

coq10Δcoq11Δ double mutant. With Dr. Maya Schuldiner, we show that select ERMESΔ 

mutants can be rescued by deleting COQ11, indicating the role of ERMES in regulating CoQ 

synthome assembly can be circumvented when ERMES is absent. Chapter 4 examines how the 

expression of an artificial tether affects CoQ biosynthesis. Artificial tethers have been used to 

study membrane contact sites in vivo, and we report that the act of physical tethering does not 

bolster CoQ biosynthesis, and instead may impact trafficking and degradation. The results from 

Chapter 4 support the notion that ERMES has a direct role in CoQ synthesis and distribution, 

which an artificial tether cannot fulfill. Appendices I-III contain previous publications, including: 

characterization of the coq10Δcoq11Δ phenotype, an enzymology study from my undergraduate 

research published during my graduate program, and a structural analysis of clinically relevant 

single nucleotide variants in human COQ genes. Together, this work helps to clarify the roles of 

Coq10 and ERMES in the regulation of CoQ biosynthesis and distribution. 
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Chapter 1 

 

Introduction to Coenzyme Q: 

Function, Biosynthesis, and Regulation 
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WHAT IS COENZYME Q? 

 Coenzyme Q (ubiquinone, CoQ, or Q) is an essential redox-active lipid molecule found 

in the plasma membranes and endomembranes of all eukaryotic species (1–3). Proper function of 

CoQ is dependent on its hydrophobic tail, which enables its localization within the midplane of 

lipid bilayers (Fig. 1A). The number of isoprene units is species dependent, denoted by n in 

CoQn: humans synthesize a polyisoprenyl tail with ten isoprene units, forming CoQ10, yeast 

synthesize CoQ6, E. coli synthesize CoQ8, and mice synthesize a mixture of CoQ9 and CoQ10 (4). 

Its fully decorated quinone head group affords its ability to serve as a single electron and proton 

carrier, shifting redox states from ubiquinone, to the radical semiubiquinone (CoQH•), and 

subsequently ubiquinol (CoQH2) (Fig. 1B) (4). 

The canonical role of CoQ takes place in the mitochondrial electron transport chain 

(ETC), where the fully oxidized CoQ accepts electrons and protons from NADH or succinate via 

complex I or II, respectively, forming the reduced CoQH2, and donates them to cytochrome c at 

complex III, restarting the CoQ redox cycle (Fig. 1C) (5). This electron transfer allows for proton 

pumping via the ETC and subsequent production of ATP via complex V, or ATP synthase (6). 

Yeast lack complex I; instead they possess NADH:ubiquinone oxidoreductases that reside on the 

inner mitochondrial membrane facing the matrix (Ndi1) or facing the intermembrane space 

(Nde1 and Nde2) (7, 8). While these alternative electron donors do not participate in proton 

translocation that typically occurs at complex I, the transport of electrons via the CoQ cycle still 

contributes ATP synthesis at complex V. In general, CoQ serves as a cofactor for several 

metabolic processes, such as choline metabolism, sulfide detoxification, and pyrimidine 

biosynthesis, which in turn provides several entryways for the acceptance of electrons at 

complex III (1, 3).  
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 Reduced CoQH2 is the only endogenously synthesized lipid-soluble antioxidant in animal 

cells (9). Membrane lipids can be subject to lipid peroxidation via the radical-mediated 

abstraction of bis-allylic hydrogens (10), a phenotype that can be emulated in yeast treated with 

exogenous polyunsaturated fatty acids (PUFAs), which rapidly autoxidize (11). Reduced CoQH2 

in conjunction with ɑ-tocopherol is capable of serving as a chain-breaking antioxidant, which 

alleviates peroxidative damage (9). In accordance with this, yeast that are deficient in CoQ 

synthesis are not viable upon treatment with exogenous PUFAs, given the lack of the CoQH2-

mediated antioxidant protection (12, 13). This has been more broadly explored in the context of 

ferroptosis, a form of cell death caused by iron-dependent lipid peroxidation (14, 15). Namely, 

ferroptosis suppressor protein 1 (FSP1) has been identified as an oxidoreductase required to 

reduce plasma membrane CoQ to the hydroquinone in order to combat lipid hydroperoxides (16, 

17). Importantly, this role of CoQH2 in non-mitochondrial membranes suggests that the 

modulation of CoQ redox pools is paramount for cellular function; such redox regulatory 

mechanisms have yet to be elucidated. 

 

ESSENTIAL GENES FOR COENZYME Q BIOSYNTHESIS 

Mutations in the genes encoding COQ polypeptides lead to primary CoQ10 deficiency, a 

rare condition typically caused by autosomal recessive mutations that results in a variety of 

clinical manifestations in humans (18, 19). While clinical variants of COQ genes are well 

documented and broadly available from numerous databases and published literature (20–23), 

the clinical significance is poorly understood. Recently, the structural and functional 

consequences of several single nucleotide variants found in COQ genes was characterized using 

structural analyses with AlphaFold predicted models or available solved structures (24). The 
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results spotlight the importance in elucidating the mechanisms performed in the biosynthetic 

pathway, as they may reveal insight in how these clinical manifestations from primary CoQ10 

deficiency arise. 

 

Human PDSS1, PDSS2, COQ2 (Yeast COQ1, COQ2) 

The primary aromatic ring precursor molecule in the CoQ biosynthetic pathway is 4-

hydroxybenzoic acid (4HB) (4). In humans, 4HB is generated from tyrosine, however many of 

the steps in converting tyrosine to 4HB remain elusive (2, 4). Yeast is also capable of 

synthesizing 4HB from tyrosine, however it is preferentially generated via the shikimate pathway 

(4). In yeast, Hfd1 catalyzes the dehydrogenation of 4-hydroxybenzaldehyde (4-HBz) to 4HB 

(25); yeast lacking the HFD1 gene (hfd1Δ) are able to perform this conversion when 

complemented with the human homolog ALDH3A1 (26), however the gene product has not been 

confirmed in fulfilling this role in humans. As an alternative head group precursor, para-

aminobenzoic acid (pABA), derived from chorismate, can also be used for CoQ synthesis in 

yeast (27). The transport mechanism of 4HB or pABA from the cytosol into the mitochondrial 

matrix, where CoQ biosynthesis takes place exclusively, remains unclear. 

 The synthesis of the polyisoprenoid tail requires polyprenyl diphosphate synthase 

(comprised of two subunits, PDSS1 and PDSS2) in humans (28), or Coq1 in yeast (29, 30). 

These proteins are responsible for isoprene polymerization via condensation of dimethylallyl 

pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP), which are both intermediates of 

the mevalonate pathway (3) (Fig. 2). Similar to the head group precursors, the mitochondrial 

import mechanism of the isoprenyl diphosphate precursors, IPP and DMAPP, have not been 

characterized. Upon import into the mitochondrial matrix, COQ2/Coq2 catalyzes the first 
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attachment onto the head group precursor at the C3 position, generating 3-polyprenyl-4-

hydroxybenzoic acid (HPB) (31) (Fig. 2), or 3-hexaprenyl-4-aminobenzoic acid (HAB) when 

pABA is utilized as the precursor in yeast (27). Notably, expression of human COQ2 in coq2Δ 

yeast permits the hexaprenyl tail attachment to the headgroup (32), indicating the reaction 

catalyzed by Coq2 is not specific to the tail length of the corresponding species. Of all the 

mitochondrial-associated proteins involved in CoQ biosynthesis, COQ2/Coq2 is the only integral 

membrane protein (33, 34); the rest of the CoQ biosynthetic proteins are peripherally associated 

to the inner mitochondrial membrane, facing the matrix (35). 

 

Human COQ3 (Yeast COQ3) 

 COQ3/Coq3 is an S-adenosylmethionine (AdoMet)-dependent methyltransferase that 

catalyzes the O-methylation reactions in CoQ biosynthesis (36–38). Specifically, it converts 4,5-

dihydroxy-3-polyprenylbenzoic acid (DHPB) to 4-hydroxy-5-methoxy-3-polyprenylbenzoic acid 

(HMPB), as well as 3-methyl-6-methoxy-2-polyprenyl-1,4,5-benzenetriol (DMeQH2) to the final 

product, CoQH2 (Fig. 2). Four highly conserved motifs among class I methyltransferases, motifs 

I-III and post-I, form a seven-strand twisted beta sheet capable of binding AdoMet (39–41). In 

yeast, Coq3 has been observed to be phosphorylated in a Coq8-dependent manner (39, 42); it is 

speculated that Coq8 modulates the stability and subsequent activity of Coq3 via this 

modification.  

 

Human COQ4 (Yeast COQ4) 

 The COQ4/Coq4 protein is required for CoQ synthesis, and was previously thought to 

serve solely as a scaffolding protein to ensure the stability of other Coq polypeptides, as yeast 
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coq4 mutants have diminished levels of the remaining Coq polypeptides (43, 44). Recently, the 

enzymatic function of COQ4 has been identified as an oxidative decarboxylase for the C1 

modification (45), a step that previously remained elusive (as denoted by “???” in Fig. 2). COQ4 

thus performs both the decarboxylation and hydroxylation steps required to convert 4-hydroxy-5-

methoxy-3-polyprenylbenzoic acid (HMPB) to 6-methoxy-2-polyprenyl-1,4-benzenediol 

(DDMQH2). An in vitro reconstitution of CoQ biosynthesis using ancestral COQ proteins and a 

monoprenylated ring precursor also demonstrated that COQ4 possesses decarboxylase activity 

(46), although it is most compelling in the work by Pelosi et al., where C1-decarboxylation and 

C1-hydroxylation catalyzed by COQ4 is observed in human cells, E. coli, and C. glutamicum 

(45). 

 

Human COQ5 (Yeast COQ5) 

 COQ5/Coq5 is another AdoMet-dependent methyltransferase required for CoQ 

biosynthesis, and is responsible for the C-methylation performed at the C2 position (47, 48). 

Namely, it performs the conversion of DDMQH2 to 3-methyl-6-methoxy-2-polyprenyl-1,4-

benzenediol (DMQH2) (Fig. 2). The yeast Coq5 structure has been determined previously and 

reveals a characteristic seven β-strand AdoMet methyltransferase structure required for Coq5 

activity (49). Indeed, yeast coq5 mutants that harbor mutations in the methyltransferase motifs 

result in loss of C-methyltransferase activity despite maintaining normal polypeptide content 

(50). Akin to Coq3, the Coq5 polypeptide has also been shown to be phosphorylated in a Coq8-

dependent manner (42). 
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Human COQ6, FDX1/FDX2, FDXR (Yeast COQ6, YAH1, ARH1) 

 COQ6/Coq6 is a flavin-dependent monooxygenase that contains a tightly bound FAD 

(51, 52). Unlike canonical flavin-dependent monooxygenases that can use NAD(P)H as a direct 

electron source, yeast Coq6 acquires electrons through ferredoxin (Yah1) and ferredoxin 

reductase (Arh1) in order to perform the hydroxylation reactions (53). This coupled electron 

transfer in tandem with Coq6’s hydroxylase activity enable Coq6 to perform the C5-

hydroxylation step in CoQ biosynthesis, converting HPB to DHPB (53) (Fig. 2). Additionally, 

these proteins are also required for the C4-deamination reaction when pABA is used as a 

precursor (54). While expression of human COQ6 was able to rescue CoQ6 synthesis in coq6Δ 

yeast (55), the human homologs of Yah1 (FDX1 and FDX2) and Arh1 (FDXR) have not been 

implicated in CoQ biosynthesis. Nicoll et al. have recently proposed that COQ6 is capable of 

performing the C1-hydroxylation based on the ancestral COQ6 performing this reaction on the 

monoprenylated CoQ intermediate (46), however this role seems unlikely given that yeast and 

mammalian cells harboring mutations in their respective COQ6 isoforms are still able to perform 

the C1-decarboxylation and hydroxylation steps (53, 56). 

 

Human COQ7/CAT5/CLK-1 (Yeast COQ7/CAT5) 

 COQ7/Coq7 is a hydroxylase that performs the penultimate reaction of CoQ biosynthesis, 

converting DMQH2 to DMeQH2 (57–59) (Fig. 2). Coq7 was initially predicted to be a di-iron 

carboxylate protein based on high sequence conservation across organisms (59), which was later 

confirmed via cryo-EM using a human COQ7:COQ9 complex expressed in E. coli (60). The 

human COQ7 structure revealed a hydrophobic channel, such that when the COQ7:COQ9 

complex was purified, octaprenylphenol, a bacterial CoQ intermediate, was found bound to this 
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site (60). Yeast Coq7 is phosphorylated in a Coq8-dependent manner, a modification that 

regulates its hydroxylase activity (42, 61). The phosphatase responsible for dephosphorylating 

Coq7 is Ptc7 (62), which has two isoforms in yeast as a result of splicing (63, 64). Notably, the 

spliced form localizes to the mitochondria where it can dephosphorylate Coq7; expression of the 

spliced Ptc7 in ptc7Δ yeast has been shown to increase de novo CoQ6 biosynthesis, indicating 

that Coq7 activity is promoted when dephosphorylated (63). Further, mutagenesis on several 

putative Coq7 phospho-sites from Ser to Ala confirmed that the active form of Coq7 is not 

phosphorylated, given that these mutant strains have significantly elevated CoQ6 content (61). 

Despite the extensive studies on phosphorylation-mediated regulation of Coq7 activity in yeast, 

it is not known if human COQ7 activity is modulated by post-translational modification. 

 

Human COQ8A/ADCK3, COQ8B/ADCK4 (Yeast COQ8) 

The Coq8 polypeptide and its human homologs, COQ8A and COQ8B, have been shown 

to rescue CoQ6 biosynthesis in several coqΔ mutants (42). Coq8 is considered a member of the 

aarF-domain containing kinases (ADCK) superfamily, in which human COQ8A and COQ8B 

have also been named ADCK3 and ADCK4, respectively (65). Expression of COQ8A in yeast 

coq8 mutants restores CoQ6 biosynthesis and the phosphorylation state of Coq3, Coq5, and 

Coq7, indicating highly conserved function across the Coq8 homologs (42).  Additionally, 

overexpression of Coq8 in select coqΔ mutants restores the steady state expression of Coq4, 

Coq7, and Coq9, which in turn enhances the stability of the CoQ metabolon (66, 67). Coq8 is 

considered to be an atypical protein kinase, and structural studies indicate that the protein kinase-

like (PKL) subdomains of Coq8 are essential for its function (42, 65). Instead of protein kinase 

activity, the COQ8A polypeptide possesses ATPase activity that is activated by cardiolipin and 
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small molecules analogous to CoQ biosynthetic intermediates (68, 69). It is thereby predicted 

that the ATPase function serves to facilitate the assembly of the CoQ metabolon to promote CoQ 

biosynthesis. In support of this notion, the ancestral COQ8B polypeptide has been shown to 

streamline the assembly of the in vitro reconstituted CoQ metabolon through ATPase activity 

that is stimulated in the presence of all metabolon members (46). 

 

Human COQ9 (Yeast COQ9) 

 The COQ9/Coq9 protein has not been characterized to possess any enzymatic function, 

however it is required for CoQ biosynthesis (70–72). Strikingly, yeast lacking COQ9 have 

significantly decreased levels of Coq3, Coq4, Coq6, and Coq7, suggesting the Coq9 polypeptide 

serves a structural stability role for several Coq polypeptides (71). Previous crystallography on 

human COQ9 revealed a membrane binding region required for anchoring the polypeptide to the 

inner mitochondrial membrane at sites enriched with cardiolipin (70), where COQ9 is proposed 

to accept prenylated intermediates from the membrane and “present” them to neighboring COQ 

proteins, such as its direct interacting partner, COQ7 (60). In terms of a functional role, it seems 

to serve more of a supporting role for the Coq6 and Coq7 polypeptides. Namely, the Coq6 

deamination reaction when pABA is used as a precursor in yeast requires the presence of Coq9 

(73), and the structural characterization of human COQ7 required the copurification with human 

COQ9 (60). 

 

NONESSENTIAL GENES FOR COENZYME Q BIOSYNTHESIS 

Human COQ10A, COQ10B (Yeast COQ10) 

Humans possess two isoforms of the yeast Coq10, named COQ10A and COQ10B (74). 
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Deletion of COQ10 in yeast results in respiratory incompetency, impaired de novo biosynthesis, 

and a destabilized CoQ synthome (74–77). Of these phenotypes, growth on respiratory medium 

is the only phenotype that is rescued upon expression of either COQ10A or COQ10B (74). The 

Coq10 homologs possess a steroidogenic acute regulatory protein-related lipid transfer (START) 

domain that has been shown to be capable of binding CoQ and its late-stage quinone 

intermediates in vitro (78, 79). Purified Coq10 from S. cerevisiae and S. pombe copurify with 

CoQ6 or CoQ10, respectively (75, 76), suggesting Coq10 functions as a CoQ chaperone, taking 

CoQ from its sites of synthesis to the respiratory complexes. It was previously thought that 

Coq10 was required for CoQ synthome assembly, as shown biochemically and with fluorescence 

microscopy (74, 80), however we have shown that the presence of Coq10 is only required for 

respiration, and not for CoQ6 biosynthetic efficiency or stability of the CoQ synthome (Chapter 

2). 

 

Human NDUFA9 (Yeast COQ11) 

The Coq11 polypeptide was identified via proteomic analysis of tandem affinity 

purification eluates using CNAP-tagged Coq3, Coq6, and Coq9 (81). In yeast lacking COQ11, 

de novo CoQ6 biosynthesis is impaired, however the coq11 null mutant retains the ability to grow 

on nonfermentable medium and has oxygen consumption rates similar to that of wild-type yeast 

(81, 82). Coq10 and Coq11 exist as fusion proteins in several fungal species, suggesting the two 

may have some functional codependence or regulatory relationship (81). Considering the coq10Δ 

mutant is respiratory deficient, it was surprising to discover that the subsequent deletion of 

COQ11 rescues respiratory capacity, which could be attributed to slightly increased CoQ 

biosynthetic efficiency compared to the coq10Δ (82). Considering the overexpression of COQ8 
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can also remedy defects in CoQ biosynthesis (67), it was intriguing to note that the 

overexpression of COQ8 in the coq10Δcoq11Δ double mutant did not have an additive effect 

(82). This may indicate that the mechanism of rescue by Coq8 overexpression and deletion of 

COQ11 are carried out in different manners, or rather the mechanism of Coq8-mediated rescue 

requires the presence of Coq11. Further, the deletion of COQ11 results in elevated protein 

content of several Coq polypeptides, contributing to a stabilized CoQ synthome in the 

coq10Δcoq11Δ double mutant, and an enlarged complex in the coq11Δ single mutant (80, 82). 

Coq11 is proposed to serve as a negative modulator of CoQ synthome formation, whereby its 

deletion enhances the assembly of the complex. While the function of Coq11 is presently 

unknown, a protein similarity network has identified its closest human homolog to be NDUFA9, 

a subunit of complex I (81). Considering yeast do not possess complex I, it is tempting to 

speculate that the Coq11 polypeptide links respiration with CoQ production. In line with this 

notion, the Coq11 polypeptide also interacts with the mitochondrial organization of gene 

expression (MIOREX) complex, where it was named Mrx2 (83). The MIOREX complex is 

involved in the mitochondrial genetic expression system, and considering the mitochondrial 

genome encodes for several respiratory complex subunits, Coq11 may utilize its dual functional 

roles to coordinate CoQ biosynthesis with assembly of the respiratory complexes. Overall, 

further investigation on how Coq11 participates in CoQ biosynthesis is warranted. 

 

THE COENZYME Q METABOLON 

Efficient CoQ biosynthesis requires the formation of a large molecular weight protein-

lipid complex, referred to as the CoQ synthome in yeast (43, 44, 71), or Complex Q in humans 

(6). The CoQ synthome is comprised of the polypeptides Coq3-Coq9 and Coq11 (2, 35) (Fig. 3). 
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Protein interactions within the CoQ synthome were revealed via co-immunoprecipitation 

experiments (71), and the identities of lipids that co-purified with tagged Coq polypeptides were 

determined using mass spectrometry (81). The CoQ synthome can be visualized biochemically 

using two-dimensional Blue Native/SDS-PAGE (71) and can also be detected as discrete puncta, 

termed CoQ domains, using fluorescence microscopy with Coq9-yEGFP as a marker for the 

complex (80, 84). Deletion of genes encoding for the essential core components of the CoQ 

synthome, Coq3-Coq9, result in loss of the domains (80), which can be attributed to the 

dependence on interacting partners to maintain stable steady state protein content and overall 

protein stability (43, 60, 67, 71). Importantly, stable formation of the CoQ synthome also 

requires the presence of the polyisoprenyl intermediates (4, 85), which is why the deletion of 

COQ1 or COQ2, whose gene products are not associated with the CoQ synthome, also results in 

loss of CoQ domains, as all lipid intermediates are absent (80). Along these lines, it has been 

noted that bypassing defective steps of the CoQ biosynthetic pathway with substrate analogs can 

remedy complex destabilization (53, 80). 

 

CONTACT SITES AND COENZYME Q: A PUTATIVE TRANSPORT MECHANISM 

Located outside of the mitochondria, the endoplasmic reticulum-mitochondria encounter 

structure (ERMES) has been identified as a modulator of CoQ synthome formation and CoQ6 

biosynthesis (80, 84). ERMES is a cluster of four proteins (Mmm1, Mdm10, Mdm12, and 

Mdm34) that tethers the ER to the mitochondria and is essential for the biosynthesis and 

transport of phospholipids between these organelles (86–89). Considering that yeast harboring 

deletions in ERMES-encoding genes (ERMESΔ) exhibit respiratory deficiency (86, 90–92), 

Eisenberg-Bord et al. investigated the potential influence ERMES mutations may have on CoQ 
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biosynthesis and discovered that ERMES subunits are required for efficient CoQ biosynthesis 

(84). Additionally, the CoQ domains were found to selectively colocalize with ERMES contact 

sites marked by Mdm34-mCherry (84); given that contact sites are proposed to serve as 

platforms to mediate the transport of metabolites between organelles, it is speculated that the 

CoQ synthome assembles adjacent to ERMES (Fig. 3), denoted by the colocalization of the CoQ 

domains and Mdm34-mCherry, to facilitate in the stability of the CoQ synthome and subsequent 

CoQ biosynthesis. This was further corroborated using 2D BN/SDS-PAGE (84). 

Given the presence of CoQ in all endomembranes (2), it is possible that the colocalization 

of the CoQ synthome and ERMES is to streamline CoQ export out of the mitochondria via 

ERMES. Structural analyses reveal that ERMES forms a hydrophobic channel comprised by the 

Mmm1, Mdm12, and Mdm34 polypeptides, which each possess synaptotagmin-like 

mitochondrial lipid binding protein (SMP) domains capable of transporting lipids (86–89). 

Because the Mdm34 subunit of ERMES resides on the outer mitochondrial membrane (92) and 

CoQ synthesis occurs exclusively within the mitochondrial matrix (2), it is unclear how the 

hydrophobic lipid is able to traverse the intermembrane space. One potential model is cristae 

junctions, formed between cristae and the inner leaflet of the outer mitochondrial membrane, are 

sufficient to close the intermembrane space gap, thereby bridging the CoQ synthome with 

ERMES; however this is not widely accepted as cristae junctions and contact sites seem to be 

randomly distributed and do not always colocalize (93). Alternatively, a few intermembrane 

space proteins have been identified as candidates for lipid transport proteins. Intra-mitochondrial 

phospholipid transport has been ascribed to the proteins Ups1 and Ups2, which have been shown 

to have genetic interaction with ERMES constituents (94), although their ability to bind and 

transport CoQ has not been evaluated. In regards to CoQ trafficking specifically, two Coq8 
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homologs located within the intermembrane space have been shown to reciprocally regulate the 

intracellular distribution of CoQ, as assayed by exogenous PUFA sensitivity (95) (Fig. 3). Prior 

to this study, where the Coq8 homologs were named CoQ distribution proteins 1 and 2 (Cqd1 

and Cqd2), Cqd2 was known as Mdm10 complementing protein 2, or Mcp2 (87). Mcp2 has been 

shown to suppress ERMESΔ respiratory defects upon overexpression (87), which could be a 

result of altering CoQ distribution,  although this hypothesis was not tested in this work. 

Surprisingly, Cqd2/Mcp2 has a third alias, Mrx13, as it also interacts with the MIOREX complex 

like Coq11 (83); considering this, the rescue of respiratory growth in ERMESΔ mutants when 

Mcp2/Cqd2 is overexpressed may be attributed to enhanced respiratory complex formation via 

MIOREX. However, given the genetic interactions with ERMES (87) and homology to Coq8 

(95), Cqd2 is an attractive candidate to facilitate the transport of CoQ between the CoQ 

synthome and ERMES. 

It  is imperative to note that a direct human equivalent to ERMES has not been identified, 

however several contact sites in humans do exist and fulfill different roles that may be similar to 

ERMES functions (96). The mitochondrial fusion protein, mitofusin-2 (MFN2), has dual 

localization in the ER and mitochondria, such that when MFN2 dimerizes, can form a tether (97). 

Cardiomyocytes derived from Mfn2 knockout mice have limited respiratory capacity, and 

mitochondria isolated from Mfn2 knockout heart tissue contained significantly diminished CoQ9 

and CoQ10 content relative to wild-type mice (98). This indicates that the relationship between 

ER-mitochondrial contact sites and CoQ synthesis is profoundly conserved across organisms.  
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FIGURES 

 

 

 

Figure 1. CoQ structure and function. A, CoQ is comprised of a redox-active head group and 

polyisoprenyl tail. The isoprenyl repeats of the tail affords its ability to lie within the midplane of 

lipid biolayers. Shown is the yeast isoform, CoQ6, which contains six isoprene units. B, Redox 

forms of CoQ. C, Canonical function of CoQ in the mitochondrial electron transport chain. Blue 

arrows indicate direction of electron flow.  
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Figure 2. The CoQ biosynthetic pathway. Biosynthesis of coenzyme Q is largely homologous 

between yeast (polypeptide names above arrows) and humans (polypeptide names below 

arrows). CoQ intermediates in this figure are denoted broadly as bearing polyprenyl tails, 

however humans and yeast generate decaprenyl and hexaprenyl tails, respectively. This figure 

has been adapted from Wang & Jain et al. (24). Abbreviations: DMAPP, dimethylallyl 

pyrophosphate; IPP, isopentenyl pyrophosphate; HPB, 3-polyprenyl-4-hydroxybenzoic acid ; 

DHPB, 4,5-dihydroxy-3-polyprenylbenzoic acid; HMPB, 4-hydroxy-5-methoxy-3-

polyprenylbenzoic acid; DHP, 4,5-dihydroxy-3-polyprenylphenol; DDMQH2, 6-methoxy-2-

polyprenyl-1,4-benzenediol; DMQH2, 3-methyl-6-methoxy-2-polyprenyl-1,4-benzenediol, 

DMeQH2, 3-methyl-6-methoxy-2-polyprenyl-1,4,5-benzenetriol. 
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Figure 3. The CoQ synthome. In yeast, the CoQ synthome is comprised of the polypeptides 

Coq3-Coq9 and Coq11 (green). Coq1, Coq2, and Coq10 (gray) do not associate with the 

complex, but are required for complex assembly as they provide the prenylated precursor. The 

Coq8 polypeptide has been shown to promote the assembly of the CoQ synthome in select coq 

mutants. Deletion of COQ11, which encodes for the Coq11 polypeptide, also promotes the 

stability of the CoQ synthome. The endoplasmic reticulum-mitochondria encounter structure 

(ERMES, purple) has been shown to regulate the assembly of the CoQ synthome. The Coq8 

homologs, Cqd1 and Cqd2, are inner membrane associated proteins that face the intermembrane 

space and are proposed to modulate mitochondrial CoQ distribution. The localization of the Cqd 

proteins in relation to ERMES or the CoQ synthome has not been determined.  
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Nonfunctional coq10 mutants maintain the ERMES complex and reveal true phenotypes 

associated with the loss of the coenzyme Q chaperone protein Coq10 
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ABSTRACT 

Coenzyme Q (CoQ) is a redox-active lipid molecule that acts as an electron carrier in the 

mitochondrial electron transport chain. In Saccharomyces cerevisiae, CoQ is synthesized in the 

mitochondrial matrix by a multi-subunit protein-lipid complex termed the CoQ synthome, the 

spatial positioning of which is coordinated by the Endoplasmic Reticulum-Mitochondria 

Encounter Structure (ERMES). The gene encoding the cytosolic subunit of ERMES, MDM12, is 

coexpressed with COQ10, which encodes the putative CoQ chaperone Coq10, via a shared 

bidirectional promoter. Deletion of COQ10 results in respiratory deficiency, impaired CoQ 

biosynthesis, and reduced spatial coordination between ERMES and the CoQ Synthome. While 

deleting MDM12 maintains Coq10 levels, we show that deletion of COQ10 results in diminished 

Mdm12 protein content. Since deletion of individual ERMES subunits prevents ERMES 

formation, we asked whether some or all of the phenotypes associated with COQ10 deletion are 

a consequence of ERMES dysfunction. To determine which phenotypes result solely due to the 

loss of Coq10, we constructed strains expressing a functionally impaired (Coq10-L96S) or 

truncated (Coq10-R147*) Coq10 isoform using CRISPR-Cas9. We show that both coq10 

mutants preserve Mdm12 protein content and exhibit impaired respiratory capacity like the 

coq10Δ mutant, indicating that Coq10’s function is vital for respiration regardless of ERMES 

integrity. Moreover, the maintenance of CoQ synthome stability and efficient CoQ biosynthesis 

observed for the Coq10-R147* mutant suggests these deleterious phenotypes in the coq10Δ 

mutant are a consequence of ERMES disruption. Overall, this study clarifies the role of Coq10 in 

modulating the intricate relationship between CoQ biosynthesis and ERMES. 
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INTRODUCTION 

Coenzyme Q (ubiquinone or CoQ) is an essential redox-active lipid molecule found in 

the plasma membranes and endomembranes of all eukaryotic species (1, 2). Proper localization 

of CoQ is dependent on its hydrophobic tail, which enables CoQ to anchor itself into the mid-

plane of lipid bilayers and is comprised of a species-specific number of isoprene units (indicated 

by n in CoQn) (3). The fully substituted benzoquinone head group imparts its characteristic redox 

activity, enabling CoQ to perform its most well-known function as an electron and proton carrier 

within the mitochondrial electron transport chain (1, 2). Other processes that rely on CoQ’s 

ability to act as electron acceptor include sulfide detoxification, proline catabolism, and choline 

degradation (1, 2). Additionally, the fully reduced form CoQH2 (ubiquinol) serves as a vital 

lipid-soluble antioxidant capable of ameliorating peroxidation of lipids  in cellular membranes 

(1, 4). 

In Saccharomyces cerevisiae (yeast), biosynthesis of CoQ6 (the CoQ isoform synthesized 

by yeast) requires fourteen nuclear-encoded proteins: Coq1-Coq11, Yah1, Arh1, and Hfd1 (2, 5). 

Of the Coq polypeptides, Coq1 synthesizes hexaprenyldiphosphate, which is subsequently 

attached to the C3 position of the ring precursor 4-hydroxyamino benzoic acid (4HB) or para-

aminobenzoic acid (pABA), by Coq2 (2, 5). The remaining headgroup modifications are then 

carried out by several other Coq polypeptides to generate the final product, CoQ6/CoQ6H2 (Fig. 

1A). Efficient CoQ6 biosynthesis requires many of the aforementioned Coq polypeptides (Coq3-

Coq9 and Coq11) to localize to the matrix side of the inner mitochondrial membrane where they 

assemble into a high-molecular-weight complex termed the CoQ synthome (2, 5). Individual 

deletion of genes encoding Coq1-Coq9 results in abolished CoQ6 biosynthesis and an inability to 

respire, as these Coq polypeptides are required for catalytic steps within the CoQ biosynthetic 
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pathway and/or structural stability of the CoQ synthome (6, 7). 

Unlike most yeast coq mutants, the coq10 delete (coq10Δ) mutant contains near wild-

type amounts of CoQ6 in the stationary phase, yet still displays a respiratory-deficient growth 

phenotype, impaired de novo CoQ6 biosynthesis during log phase growth, and a destabilized 

CoQ synthome (8–12). The NMR structure of the Caulobacter crescentus Coq10 ortholog, 

CC1736, revealed the presence of a steroidogenic acute regulatory protein-related lipid transfer 

(START) domain (13), shown to be capable of binding CoQ and its late-stage quinone 

intermediates in vitro (12). Additionally, Coq10 isolated from either S. cerevisiae or the fission 

yeast, Schizosaccharomyces pombe, were shown to copurify with CoQ6 or CoQ10, respectively 

(9, 10). These studies have led to the hypothesis that Coq10 functions as a CoQ chaperone, 

directing CoQ from its sites of synthesis to its sites of function at the respiratory complexes (8). 

In several fungal species, Coq10 and Coq11 evolved as fusion proteins, suggesting a possible 

functional relationship between these two polypeptides (14). This hypothesis is supported by the 

observation that subsequent deletion of COQ11 ameliorates many of the defects of the coq10Δ 

mutant, including restored respiratory growth and CoQ synthome formation (15). These data 

suggest the Coq11 polypeptide may act as a negative modulator of CoQ biosynthesis and the 

CoQ synthome (15). 

Recent studies have suggested that proper assembly and stability of the yeast CoQ 

synthome also relies on the presence of the endoplasmic reticulum-mitochondria encounter 

structure (ERMES) in yeast (16, 17) (Fig. 1B). ERMES is a multisubunit complex composed of 

four main proteins (Mmm1, Mdm10, Mdm12, and Mdm34) that tethers the ER to the 

mitochondria and is essential for biosynthesis and transport of phospholipids between these 

organelles (18). In addition to its most well-studied role in shuttling phospholipids between the 
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ER and mitochondria,  ERMES is proposed to act as a platform for recruiting proteins and other 

small molecules to the mitochondria based on the needs of the cell (18–20). Additionally, yeast 

lacking ERMES constituents (ERMESΔ)  exhibit distorted mitochondrial morphology, increased 

loss of mitochondrial DNA, and respiratory deficiency (18, 21–23). Recently, members of the 

CoQ synthome were shown to selectively localize into puncta (termed “CoQ domains”) that 

colocalize with ER-mitochondria contact sites marked by ERMES. Deletion or mutation of 

individual ERMES subunits results in a loss of puncta representative of the CoQ synthome, 

indicating destabilization (16, 17). In accordance with this observation, ERMESΔ mutants were 

found to accumulate steady-state and de novo synthesized CoQ6 intermediates. These data 

demonstrate proper CoQ synthome assembly and efficient CoQ6 production rely on ERMES 

complex formation. 

In addition to the aforementioned defects attributed to the coq10Δ mutant, deletion of 

COQ10 results in loss of the spatial relationship between the CoQ domains and ERMES (17). 

MDM12, which encodes the cytosolic subunit of ERMES, is coexpressed with COQ10 via a 

bidirectional promoter, suggesting a functional relationship and/or physical interaction between 

their gene products (8, 24, 25). While a previous study confirmed that deletion of MDM12 does 

not significantly diminish Coq10 protein content (17), it has yet to be determined whether 

deletion of COQ10 negatively impacts MDM12 expression. 

In this study, we show that deletion of COQ10 results in diminished Mdm12 protein 

content. To determine which phenotypes result from deletion of the COQ10 open reading frame 

alone versus phenotypes that may be a consequence of disrupted MDM12 expression and 

subsequent ERMES dysfunction, we constructed chromosomal coq10 point mutants (Coq10-

L96S and Coq10-R147*) in which Mdm12 protein content is preserved. While strains expressing 
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either of the coq10 point mutants phenocopied the respiratory deficiency of the coq10Δ mutant, 

we found that the Coq10-R147* mutant, which encodes an unstable truncated Coq10 isoform, 

maintained a stable CoQ synthome and efficient CoQ6 biosynthesis. Based on these data, we 

propose that the destabilized CoQ synthome and resultant defects in de novo CoQ6 production 

observed for the coq10Δ mutant are the result of disrupted MDM12 expression, and therefore 

ERMES dysfunction, rather than from the loss of the Coq10 polypeptide. 

 

EXPERIMENTAL PROCEDURES 

All reagents were obtained commercially from Thermo Fisher Scientific, unless specified 

otherwise. 

 

Yeast strains and growth medium 

Saccharomyces cerevisiae strains were derived from W303 (26) or S288C (27). Yeast 

strains used in this study are listed in Table 1. Growth media was prepared as described (28) and 

included YPD (1% yeast extract, 2% peptone, 2% dextrose), YPG (1% yeast extract, 2% 

peptone, 3% glycerol), and YPGal (1% yeast extract, 2% peptone, 2% galactose, 0.1% dextrose). 

Plate medium contained 2% bacto-agar. 

 

Introduction of guide sequences into pCAS by polymerase chain reaction 

Guide sequences for introduction of Coq10 point mutations via CRISPR-Cas9 genome 

editing were cloned into the pCAS sgRNA cassette as previously described (29, 30). Briefly, 

point mutations within 20 base pairs of a Protospace Adjacent Motif (PAM) site and that were 

located at least halfway in the COQ10 open reading frame (ORF) to avoid disruption of the 
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endogenous MDM12 promoter were selected for mutagenesis. Guide efficiency was evaluated 

using the CRISPR design tool in Benchling (Benchling, Inc). Primers for introduction of guide 

sequences into the pCAS plasmid (Addgene, plasmid #60847) via PCR were designed according 

to Armaleo et al. (30), including one mutagenic primer per guide sequence containing the 20-bp 

guide sequence flanked on either side by 20-bp sequences homologous to the parental pCAS 

plasmid and a short 20-bp primer whose 5ʹ end is immediately adjacent to the 5ʹ end of the 

mutagenic primer. All primers were 5ʹ phosphorylated according to standard protocols prior to 

use. PCR reactions for cloning the guide sequences into the pCAS plasmid were carried out 

according to the modified protocol described by Armaleo et al. (30) and the linear PCR products 

were blunt-end-ligated using a Quick LigationTM Kit (NEB). The resultant plasmids were 

transformed into competent E. coli (NEB) and plated on LB + kanamycin (50 µg/mL) medium. 

Plasmids were isolated from transformants, and correct integration of the guide sequence was 

verified by Sanger sequencing (Table 2). All primers utilized in pCAS plasmid construction are 

listed in Table S1. 

 

Use of CRISPR-Cas9 to generate Coq10-L96S and Coq10-R147* 

Coq10 point mutations were introduced chromosomally using CRISPR-Cas9 as 

previously described (29, 30). Briefly, complementary 60-mer oligonucleotides containing the 

desired point mutation were designed to serve as the double-stranded DNA repair template 

(Table S1). The previously designed pCAS plasmids and their corresponding donor 

oligonucleotides were co-transformed into competent W303-1B or W303 coq11Δ yeast cells 

according to standard yeast transformation protocols (31). Competent yeast cells were prepared 

according to Ryan et al. (29). For each co-transformation, 90 µL competent cells were combined 
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with 1.0 µg pCAS plasmid and 5.0 µg of each complementary donor oligonucleotide. 

Transformants were selected on YPD + G148 (0.2 mg/mL) plates incubated at 37 °C. Successful 

transformants were isolated on fresh YPD + G418 plates incubated at 30 °C. Isolated strains 

were cultured in 5 mL YPD without G418 for 22 hours to confer loss of the pCAS plasmid. 

Cultures were subsequently plated for single colonies onto YPD medium. To confirm the desired 

mutations, genomic DNA was extracted using the Promega Wizard® Genomic DNA Purification 

Kit (Promega) and the COQ10 open reading frame was amplified by PCR and verified by Sanger 

sequencing (Table 1 & Table S1).  

 

Drop dilution plate assays 

Yeast strains were grown overnight in 5 mL of YPD. The following day, cultures were 

diluted to an A600 = 0.2 with sterile phosphate-buffered saline and 2 µL of 5-fold serial dilutions 

were spotted onto YPD and YPG plate medium, corresponding to a final A600 = 0.2, 0.04, 0.008, 

0.0016, and 0.00032. Plates were incubated at 30 °C and pictures were taken after two or three 

days.  

 

Analysis of CoQ and CoQ-intermediates and stable isotope labeling 

Cells were grown overnight in 5 mL of YPGal at 30 °C with shaking. The pre-cultures 

were then back diluted to an A600 ~ 0.1 in 25 mL of fresh YPGal and allowed to further expand to 

mid-log phase (A600 ~ 0.6). For analysis of de novo CoQ biosynthesis, cultures were treated with 

8 µg/mL of 13C6-pABA (Sigma-Aldrich) or ethanol as a vehicle control for 5 hours. All cultures 

were harvested by centrifugation and cell pellets were stored in –20 °C until use. 

To prepare for lipid extraction, cell pellets were resuspended in phosphate-buffered 
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saline. An aliquot of each cell suspension was added to 2 mL of methanol and cells were lysed 

by vortexing in the presence of glass beads. Lipids were extracted twice in the presence of the 

internal standard CoQ4 (Sigma-Aldrich) with the addition of 2 mL petroleum ether followed by 

vortexing each time. A standard curve was constructed by preparing and extracting standards 

with known amounts of CoQ6 (Avanti Polar Lipids) and the internal standard CoQ4 alongside the 

experimental samples. Extracted lipids were dried under N2 gas and reconstituted prior to 

analysis. 

Lipid content was analyzed by LC-MS/MS as previously described (8). Briefly, lipids 

were reconstituted in 200 µL of 1 mg/mL benzoquinone prepared in ethanol and 20 µL of each 

sample was injected into an API4000 linear MS/MS spectrometer (Applied Biosystems). The 

instrument’s corresponding analysis software, Analyst version 1.4.2, was used for data 

acquisition and processing. CoQ6 content was determined by normalizing the peak using the 

aforementioned standard curve. Relative levels of CoQ-intermediates are represented as peak 

areas normalized to the internal standard. A one-way analysis of variance with multiple 

comparisons corrected for using Dunnett’s test was performed using GraphPad Prism 10. 

 

Isolation of crude mitochondria 

Yeast strains were cultured overnight in 30 or 50 mL of YPD at 30 °C with shaking. Pre-

cultures were back diluted with YPGal and grown with shaking (30 °C, 250 rpm) until cell 

density reached an A600 ~ 4. Spheroplasts were prepared with Zymolyase-20T (MP Biomedicals) 

and subsequent fractionation steps were carried out as previously described (32). Briefly, 

spheroplasts were lysed using dounce homogenization and the resulting homogenate was 

subjected to centrifugation at 1,500 × g to pellet large cellular debris and membranes. The 
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supernatant was collected and centrifuged at 12,000 × g to pellet mitochondria. The 

mitochondrial pellet was washed and centrifuged again at 1,500 × g to remove unwanted 

impurities. The final centrifugation step was conducted at 12,500 × g, and the resultant crude 

mitochondrial pellet was resuspended in MES sorbitol buffer. Aliquots of crude mitochondria 

were flash-frozen in liquid nitrogen and stored at –80 °C until further use.  All fractionation steps 

were completed in the presence of EDTA-free protease inhibitor cocktail tablets (Roche), 

phosphatase inhibitor cocktail set I (Sigma-Aldrich), phosphatase inhibitor cocktail set II 

(Sigma-Aldrich), and phenylmethylsulfonyl fluoride (Fisher Scientific), and all centrifugations 

were conducted at 4 °C. Protein concentration of crude extracts was determined by the 

bicinchoninic acid (BCA) assay (ThermoFisher Scientific). For strains lacking ERMES, crude 

mitochondria were prepared as described above with the exception that all culturing steps were 

performed in YPG to ensure retention of mitochondrial DNA. 

 

SDS-PAGE and immunoblot analysis of steady-state protein expression 

Crude mitochondria (12.5 or 25 µg) were resuspended in SDS sample buffer (50 mM 

Tris, pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol blue, and 1.33% β-mercaptoethanol) 

and separated by gel electrophoresis on 10 or 12% Tris-glycine polyacrylamide gels. Proteins 

were transferred to 0.45 µm PVDF membranes (Millipore) and blocked with blocking buffer 

(5% milk and 0.1% Tween-20 in phosphate-buffered saline). Coq polypeptides, ERMES 

subunits, and mitochondrial protein loading control Mdh1 were detected using rabbit polyclonal 

antibodies prepared in 0.5% bovine serum albumin or 5% milk at the dilutions listed in Table 3. 

IRDye 680LT IgG secondary antibodies (LiCOR) were used at a dilution of 1:20,000. Proteins 

were visualized using the LiCOR Odyssey Infrared Scanner (LiCOR) and immunoblots were 
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quantified by hand using ImageJ software (National Institutes of Health, Bethesda, MD). 

 

Two-dimensional Blue Native/SDS-PAGE of high molecular weight complexes 

2D-BN/SDS-PAGE was performed as described previously (33, 34). Crude mitochondria 

(300 µg) were solubilized for one hour on ice with 16 mg/mL digitonin (Biosynth) in the 

presence of the protease and phosphatase inhibitors used during mitochondrial isolation. 

Solubilized protein was quantified using the BCA assay. 75 µg of solubilized mitochondria were 

separated on NativePAGE 4-16% Bis-Tris gels (Invitrogen) and cut into strips for the second-

dimension separation. Gel strips were then further separated on 10% Tris-glycine polyacrylamide 

gels.  Following the second-dimension separation, immunoblot analyses of the CoQ synthome 

was performed as described above using an antibody against Coq9. Lyophilized protein used for 

the native gel high molecular weight standards were obtained from GE Healthcare (Sigma-

Aldrich). 

 

RESULTS  

Mdm12 protein levels are diminished in yeast lacking COQ10 

 Steady-state levels of the Coq10 polypeptide were previously ascertained in ERMESΔ 

mutants, including the mdm12Δ mutant, and were found to be similar to that of control cells, 

suggesting that deletion of MDM12 does not disrupt the expression of COQ10 despite their 

coexpression from a bidirectional promoter (17). However, relative protein content of each 

ERMES component in the coq10Δ mutant was not investigated, and it remained uncertain if 

deletion of COQ10 impacted Mdm12 protein levels. To this end, we quantified the steady state 

levels of Mmm1, Mdm10, and Mdm12 in the coq10Δ, coq11Δ, and coq10Δcoq11Δ mutants. For 
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this analysis, we used crude mitochondria to retain the endogenous protein tethers, such as 

ERMES, that may be lost during the preparation of gradient-purified mitochondria.  

Despite the preservation of Coq10 protein content previously observed for ERMESΔ 

mutants, yeast lacking COQ10 had dramatically reduced amounts of Mdm12 and Mmm1 (Fig. 

2). The reduction in Mmm1 protein levels is consistent with previous work that showed the 

presence of Mdm12 is required for stable expression of Mmm1, and vice versa (35). Mdm10 

levels were preserved across all mutants, likely due to the involvement of Mdm10 in other 

mitochondrial import machinery, such as TOM and SAM complex biogenesis and function (36). 

Regardless, the depletion or loss of a single ERMES subunit results in an inability to form the 

ERMES complex (18), raising concern that some or all of the phenotypes ascribed to the coq10Δ 

mutant could be a consequence of ERMES dysfunction due to diminished MDM12 expression. 

 

Chromosomal mutations in the COQ10 open reading frame preserve Mdm12 and Mmm1 

protein levels 

 To distinguish phenotypes that result solely due to loss of Coq10 from those that could be 

the result of disrupted MDM12 expression, two separate mutations were introduced into the yeast 

genome using CRISPR-Cas9 as described in Experimental Procedures (29, 30). The first 

mutation, L96S, is located within the hydrophobic tunnel formed by the Coq10 START domain 

and is predicted to disrupt ligand binding (Fig. 3A-B). Structural and biochemical evidence using 

Coq10 orthologs from C. crescentus (12, 13), S. pombe (9), and humans (8) have shown its 

START domain can directly bind CoQ and its late-stage quinone-containing intermediates. 

Moreover, expression of the Coq10-L96S mutant from an integrative locus or a high-copy 

plasmid in coq10Δ yeast fail to rescue respiratory defects, indicating L96 is an important residue 
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for Coq10 function (11). The second mutation, R147*/N149*, encodes a truncated isoform of 

Coq10 where two stop codons were introduced at residues 147 and 149 (hereafter referred to as 

Coq10-R147*) (Fig. 3A-B). We rationalized both mutations should be downstream enough from 

the portion of the MDM12 promoter region located within the COQ10 open reading frame to 

allow for preservation of MDM12 expression (Fig. 3C). 

Upon successful genomic integration of the Coq10-L96S and Coq10-R147* mutations, 

we examined the steady-state levels of Coq10 in addition to select ERMES subunits (Mmm1, 

Mdm10, and Mdm12) (Fig. 4). All ERMES components, including Mdm12, were present at 

levels similar to that of the wild-type control in strains harboring either the Coq10-L96S or 

Coq10-R147* mutation (Fig. 4A-D). This observation supports the conclusion that introduction 

of the selected mutations does not disrupt the promoter region, and therefore expression, of 

MDM12. Additionally, no band corresponding to the Coq10 polypeptide was detected in 

mitochondria isolated from strains expressing the Coq10-R147* mutant (Fig. 4E-F). While it is 

possible that the Coq10-R147* mutant no longer possesses the epitope recognized by the Coq10 

antibody, we predict that the truncated mRNA is degraded through nonsense-mediated decay due 

to the presence of the premature stop codons. As such, we conclude that Coq10-R147* mutant is 

an excellent candidate for determining which coq10Δ phenotypes are solely due to loss of Coq10 

as this mutant maintains protein levels of each ERMES component even in the absence of the 

Coq10 polypeptide. 

It is of note that significantly reduced levels of the Coq10-L96S polypeptide were 

detected when compared with the wild-type control (Fig. 4E-F). The partial expression of 

Coq10-L96S may confound the assignment of phenotypes as ones that result solely from loss of 

Coq10 function. However, we decided to proceed with the characterization of both mutant 
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constructs given Mdm12 and Mmm1 are stably expressed in strains harboring either the Coq10-

L96S or Coq10-R147* mutation, including those containing a subsequent deletion of COQ11 

(Fig. 4A-D). 

 

The coq10 point mutants display impaired respiratory growth similar to the coq10Δ 

mutant. 

 Given protein levels of ERMES constituents are preserved in strains harboring the 

Coq10-L96S or Coq10-R147* mutation, we proceeded to reassess phenotypes associated with 

loss of Coq10 function. The Coq10 polypeptide is required for respiration in yeast (9, 10). As 

such, yeast coq10Δ mutants display impaired growth on medium containing a nonfermentable 

carbon source, such as YPGlycerol (YPG). As expected, the coq10Δ mutant had poor growth on 

YPG that was phenocopied by the Coq10-R147* mutant across two different genetic 

backgrounds (Fig. 5). In line with a previous study, the Coq10-L96S mutant displayed anemic 

growth on nonfermentable medium that was only slightly improved when compared with the 

coq10Δ and Coq10-R147* mutants (11) (Fig. 5). The poor respiratory growth of both the Coq10-

R147* and Coq10-L96S mutant indicates the lipid-binding function of Coq10 is necessary for 

viability on nonfermentable medium, thus supporting the previous conclusion that Coq10 is 

required for respiration in yeast.  

As many defects associated with the deletion of COQ10 were shown to be alleviated by 

subsequent deletion of COQ11 (15), we also sought to reassess this phenotype in coq11Δ strains 

expressing each of the mutant Coq10 isoforms. Like the coq10Δcoq11Δ mutant, loss of COQ11 

rescued the respiratory growth defect of both the Coq10-R147* and Coq10-L96S mutant in two 

different genetic backgrounds (Fig. 5). This suggests that deletion of COQ11 is capable of 
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rescuing the respiratory growth defect of the coq10Δ mutant irrespective of the presence of 

ERMES. 

 

The Coq10-R147* mutant maintains efficient CoQ6 biosynthesis 

 Like most coq mutants that display respiratory growth defects, the coq10Δ mutant 

exhibits impaired CoQ6 biosynthesis during log phase growth (6–8, 12). To determine whether 

this defect in CoQ6 biosynthesis can be solely attributed to loss of Coq10, we evaluated de novo 

CoQ6 biosynthesis in yeast harboring the mutant Coq10 isoforms by treating yeast cultures of 

each strain with the isotopically labeled ring precursor, 13C6-pABA, or ethanol as a vehicle 

control. Additionally, in accordance with previous work (8, 14, 15), we performed these analyses 

in both dextrose-containing medium and galactose-containing medium to determine carbon 

source-dependent changes in biosynthetic efficiency. It is important to note that despite the 

robust growth on nonfermentable medium (Fig. 5), only a small percentage (0.2-3%) of CoQ is 

required for efficient growth on nonfermentable plate medium (5). As such, growth on 

nonfermentable medium is not always indicative of CoQ biosynthetic efficiency. 

 Consistent with previous studies performed in YPGal medium (15), the coq10Δ mutant 

produced less de novo synthesized 13C6-CoQ6 and had decreased total CoQ6 content (determined 

by the sum of 13C6-CoQ6 and unlabeled 12C-CoQ6) when compared with the W303 wild-type 

control (Fig. 6). The Coq10-L96S mutant produced similar amounts of de novo synthesized 13C6-

CoQ6 but had decreased total CoQ6 content in YPGal when compared with the coq10Δ mutant 

(Fig. 6). Further analyses of key CoQ6-intermediates revealed the Coq10-L96S mutant 

accumulated the early-stage intermediate 13C6-hexaprenylaminobenzoic acid (13C6-HAB) and 

had decreased amounts of the late-stage intermediate 13C6-demethoxy-Q6 (13C6-DMQ6) when 
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compared with the coq10Δ mutant (Fig. S1). These data indicate that the CoQ biosynthetic 

pathway is less efficient in the Coq10-L96S mutant when compared to the coq10Δ mutant. 

In contrast, the Coq10-R147* mutant produced elevated amounts of de novo synthesized 

13C6-CoQ6 and total CoQ6 relative to the coq10Δ mutant when cultured in YPGal (Fig. 6). As 

previously reported (15), changing the carbon source in the medium from galactose to dextrose 

decreased the CoQ6 content across all the coq10 single mutants, however the Coq10-R147* 

mutant still produced the highest amounts of 12C-CoQ6 and de novo synthesized 13C6-CoQ6 when 

compared to the coq10Δ mutant (Fig. S2). The elevated CoQ6 content and slight decrease in the 

amount of de novo synthesized 13C6-HAB as well as total HAB content in the Coq10-R147* 

mutant (Fig. S1) suggests that Coq10 is not required to observe efficient CoQ6 biosynthesis. 

Mutants lacking both COQ10 and COQ11 have decreased total CoQ6 content similar to 

the coq10Δ mutant (15). In line with this observation, the Coq10-R147* and Coq10-L96S 

mutants harboring a subsequent deletion of COQ11 had decreased amounts of 12C-CoQ6 and de 

novo synthesized 13C6-CoQ6 like the coq10D mutant (Fig. 6A-B). Similarly, both double mutants 

had elevated 13C6-HAB and 13C6-DMQ6 content, suggesting CoQ biosynthesis is still impaired in 

the absence of Coq11 (Fig. S1). Taken together, these data support the conclusion that the status 

of ERMES does not influence the functional relationship between Coq10 and Coq11. 

 

The Coq10-R147* mutant has diminished Coq protein content while still maintaining a 

stable CoQ synthome 

 To observe efficient CoQ6 biosynthesis in yeast, several Coq polypeptides must assemble 

into a high-molecular weight complex termed the CoQ synthome (5). Loss of COQ10 results in 

diminished levels of several Coq polypeptides and a destabilized CoQ synthome (6, 7). In line 
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with our previous findings, the Coq10-R147* mutant phenocopied the coq10Δ nutant with 

respect to having decreased amounts of Coq3, Coq4, Coq6, Coq7, and Coq9 when compared 

with the wild-type control (Fig. 7A-B). Notably, the Coq10-L96S mutant contained significantly 

less Coq7 and Coq9 than the coq10Δ mutant (Fig. 7A-B). Both the Coq10-R147* and Coq10-

L96S mutant displayed elevated Coq11 protein content similar to the coq10Δ mutant (Fig. S3). 

While deletion of ERMES subunits does not perturb steady state levels of the Coq 

polypeptides, CoQ synthome stability is abolished in the absence of ERMES (17).  Given the 

diminished levels of Mdm12 and Mmm1 in the coq10Δ mutant, we assessed CoQ synthome 

stability by two-dimensional blue native/SDS-PAGE (2D-BN/SDS-PAGE) with Coq9 serving as 

an indicator for complex formation (6) in strains expressing Coq10-R147* or Coq10-L96S. The 

CoQ synthome in wild-type yeast can be observed as a large heterogeneous high molecular 

weight complex that spans ~ 100 kDa to >1 MDa. The Coq10-L96S mutant displayed only a 

very faint  signal corresponding to a CoQ synthome (Fig. 8), likely due to its dramatically 

decreased abundance of several Coq polypeptides as compared with the coq10Δ mutant (Fig. 

7A-B). This suggests that the presence of a nonfunctional Coq10 polypeptide is more detrimental 

to complex stability than its complete absence. Surprisingly, the truncated Coq10 isoform 

displayed a stable high-molecular-weight complex similar to the wild-type control (Fig. 8). This 

suggests that the preservation of Mdm12 levels in the Coq10-R147* mutant allows for proper 

ERMES formation and, subsequently, maintenance of a stable CoQ synthome. Overall, these 

observations support a model in which the destabilized CoQ synthome, and resultant inefficient 

CoQ6 biosynthesis, observed in the coq10Δ mutant result from loss of ERMES rather than loss of 

the Coq10 polypeptide. 

Subsequent deletion of COQ11 from the coq10Δ mutant has been shown to rescue CoQ 
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synthome formation due to an increased abundance of several Coq polypeptides (15). Like the 

coq10Δcoq11Δ mutant, the Coq10-L96S coq11Δ and Coq10-R147* coq11Δ double mutants 

displayed restored levels of most Coq polypeptides and a stable CoQ synthome when compared 

with the wild-type control (Fig. 7C & Fig. 8). Notably, the rescued Coq protein levels observed 

for the Coq10-L96S coq11Δ double mutant likely explains its restored CoQ synthome formation, 

as indicated by the reappearance of a high-molecular-weight signal in the Coq10-L96S coq11Δ 

mutant (Fig. 8). 

 

DISCUSSION 

 This work sought to re-evaluate phenotypes attributed to deletion of COQ10 through 

introduction of chromosomal mutations within the COQ10 open reading frame in S. cerevisiae. 

Previous studies identified MDM12 as the top-ranked gene coexpressed with COQ10 in S. 

cerevisiae (8, 24, 25) due to their head-to-head positioning within the yeast genome. MDM12 

encodes the cytosolic component of the ERMES complex, which acts as a bridge connecting the 

ER-residing subunit of ERMES, Mmm1, with its mitochondrial components, Mdm10 and 

Mdm34 (18). While the mdm12Δ mutant displays unperturbed steady state levels of the Coq10 

polypeptide (17), we found that deletion of COQ10 results in a significant decrease in Mdm12 

protein content (Fig. 2). Prior work has shown deletion of MDM12, and consequently loss of 

ERMES complex formation, causes decreased respiration (18, 37) and inefficient CoQ6 

biosynthesis as a result of a destabilized CoQ synthome (17). Given these deleterious phenotypes 

are shared with yeast harboring a deletion of COQ10 (10, 12), we sought to distinguish which of 

the coq10Δ phenotypes result solely from loss of the Coq10 polypeptide as opposed to those 

caused by ERMES defects. Using CRISPR-Cas9 genome editing, we introduced mutations 
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within the COQ10 open reading frame that result in loss of Coq10 function (Coq10-L96S) or 

loss of the Coq10 polypeptide (Coq10-R147*) while still preserving Mdm12 protein content 

(Fig. 4D). Our characterization of these mutants demonstrates that while the Coq10 polypeptide 

is required for respiration (Fig. 5), it is not essential for efficient CoQ6 biosynthesis or stable 

formation of the CoQ synthome (Fig. 6 & Fig. 8). 

The function of Coq10 is widely conserved across several organisms, including C. 

crescentus (12, 13), S. pombe (9), and humans (8). Notably, the NMR structure of a Coq10 

ortholog from C. crescentus, CC1736, revealed the presence of a START domain capable of 

binding CoQ with variable polyisoprenoid chain lengths and its late-stage quinone intermediates 

(12, 13). Additionally, Coq10 polypeptides from S. cerevisiae and S. pombe were found to 

copurify with CoQ6 and CoQ10, respectively, leading to the hypothesis that Coq10 functions as a 

CoQ chaperone (9, 10). This hypothesis is further supported by studies showing yeast Coq10 and 

its orthologs are required for respiration and efficient de novo CoQ biosynthesis (8). 

Surprisingly, the introduction of the L96S mutation within the START domain resulted in more 

pronounced defects in CoQ6 biosynthetic efficiency, Coq polypeptide abundance, and CoQ 

synthome stability despite the slightly improved respiratory capacity of this mutant when 

compared to the coq10Δ control (Fig. 5, Fig. 6, Fig. 7, & Fig. 8). We posit that that the abrogated 

lipid-binding function of this mutant is compounded by its partial expression (Fig. 4E), resulting 

in a dominant negative effect. In contrast, the phenotypes displayed by the Coq10-R147* mutant 

manifest solely from loss of the Coq10 polypeptide as opposed to the unforeseen defects that 

resulted when we expressed the unstable, nonfunctional Coq10-L96S mutant. This conclusion is 

supported by the observation that the Coq10-R147* mutant did not exhibit augmented 

deleterious phenotypes when compared with the coq10Δ control.  
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Stable formation of the CoQ synthome requires the presence of both CoQ and prenylated 

CoQ-intermediates (7, 38, 39). Studies have shown that bypassing defective steps of the CoQ 

biosynthetic pathway with appropriate substrate analogs can restore the appearance of CoQ 

domains, indicating that the late-stage CoQ intermediates are required for CoQ synthome 

assembly (16, 40). In accordance with these observations, the coq10Δ mutant, which produces 

higher amounts of early-stage intermediates and lower amounts of late-stage intermediates, 

displays a destabilized CoQ synthome (8, 12, 15). Strikingly, we found that the Coq10-R147* 

mutant, which lacks the Coq10 polypeptide, retained the ability to synthesize CoQ6 efficiently 

and could form a stable CoQ synthome (Fig. 6 & Fig. 8). Despite its elevated total CoQ6 content, 

the Coq10-R147* mutant had defective respiratory growth similar to the coq10Δ mutant (Fig. 5). 

This suggests that the CoQ chaperone function of Coq10 is required only for respiration, and is 

not essential for CoQ biosynthesis and, subsequently, stable formation of the CoQ synthome. We 

attribute the clear demarcation between respiratory capacity and CoQ synthome stability 

observed for the Coq10-R147* mutant to the preservation of Mdm12 protein content (Fig. 4D), 

thus allowing us to separate phenotypes caused by loss of Coq10 from those that result due to 

ERMES dysfunction.  

Humans possess two distinct Coq10 orthologs, COQ10A and COQ10B (8). 

Complementation of the yeast coq10Δ mutant with either human isoform was shown to rescue 

defects in respiratory growth on nonfermentable plate medium, supporting the hypothesis that 

the function of Coq10 as a CoQ chaperone is conserved across organisms. Our data corroborates 

this conclusion in that both coq10 mutants constructed in this study had defective respiratory 

growth on medium containing a nonfermentable carbon source (Fig. 5). In contrast, 

complementation of the yeast coq10Δ mutant with either human Coq10 ortholog failed to fully 
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restore both efficient CoQ6 biosynthesis and CoQ synthome formation (8). Our data suggests the 

negligible effect on CoQ synthome stabilization and CoQ6 biosynthesis observed when 

expressing either COQ10A or COQ10B is a consequence of disrupted ERMES formation in the 

yeast coq10Δ mutant rather than an incompatibility between the human Coq10 orthologs and 

yeast CoQ biosynthesis. 

 Coq10 and Coq11 exist as a fusion protein in several Ustilaginaceae species, indicating 

the presence of a functional relationship between these two polypeptides (14). Previous studies 

have shown that while the coq11Δ mutant does not display defects in respiratory growth, it does 

have decreased de novo 13C6-CoQ6 production. Despite its impairment in CoQ6 biosynthesis, the 

coq11Δ mutant displays a more stable CoQ synthome as a result of increased Coq polypeptide 

abundance (15, 16). As such, the Coq11 polypeptide is proposed to play a regulatory role in 

CoQ6 biosynthesis through its function as a negative modulator of CoQ synthome formation 

(15). This hypothesized function of Coq11 is supported by the observation that deletion of 

COQ11 in tandem with COQ10 rescues the respiratory defect of the coq10Δ mutant as a result of 

increased protein content for several Coq polypeptides and subsequent stabilization of the CoQ 

synthome (15). Similarly, our coq10 mutants that harbor a subsequent deletion of COQ11 

displayed restored growth on a nonfermentable medium when compared with the coq10Δ mutant 

(Fig. 5). Furthermore, the Coq10-R147* and -L96S coq11Δ double mutants also had decreased 

de novo CoQ6 production and restored protein content for several Coq polypeptides like the 

coq10Δcoq11Δ mutant (Fig. 6 and Fig. 7). This suggests the mechanism by which deletion of 

COQ11 rescues the sickly coq10Δ phenotypes is independent of ERMES. Elevated Coq11 

protein content in all the coq10 mutants regardless of the type of mutation or its effect on 

ERMES supports this conclusion (Fig. S3). 
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A fundamental feature of membrane contact sites is their ability to spatially coordinate 

cellular processes such that contact sites can serve as nucleation sites for specific pathways 

depending on the needs of the cell. Previous studies have shown the spatial positioning of the 

CoQ synthome is mediated by ER-mitochondrial contacts established by ERMES, as evidenced 

by colocalization of the CoQ domain marker, Coq9-yEGFP, with the ERMES marker, Mdm34-

mCherry (17). Deletion of COQ10 results in significantly less colocalization between the CoQ 

domains and ERMES (17), suggesting Coq10 may modulate the spatial coordination between 

ERMES and the CoQ domains. However, it is also possible that the disparity in colocalization in 

the coq10Δ mutant could be attributed to its destabilized CoQ synthome and, as we have shown, 

disrupted ERMES formation via attenuated Mdm12 and Mmm1 protein content (Fig. 2). While 

we were able to preserve ERMES protein content in our coq10 mutants (Fig. 4A-D), it remains 

unclear if the spatial coordination between ERMES and the CoQ domains is maintained. It is 

possible that despite the formation of a stable CoQ synthome in the Coq10-R147* mutant (Fig. 

8), the Coq10 polypeptide may still be required to mediate the localization of the CoQ synthome 

alongside ERMES. 

Since the initial characterization of the ERMES complex (18), several other ER-

mitochondrial contact sites have been discovered (41). The viability of yeast lacking individual 

ERMES constituents suggests that ERMES-related functions can be compensated for by 

auxiliary contact sites. In support of this, CoQ domains have been shown to also colocalize with 

puncta marked by Ltc1 (16), the ER-residing component of an auxiliary ER-mitochondrial tether 

(42). This suggests it is more important CoQ domains localize to any given ER-mitochondrial 

contact site rather than contact sites established specifically by ERMES. However, it is tempting 

to speculate that there is a unique regulatory relationship between Coq10 and ERMES given the 
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positioning of the COQ10 and MDM12 genes within the yeast genome (Fig. 3C). Commonly, 

bidirectional promoters couple two divergent protein-encoding genes involved in related 

processes to allow for their tight regulation (43, 44). It is possible coexpression of COQ10 and 

MDM12 via their shared bidirectional promoter allows for the coupling of CoQ biosynthesis with 

a transport mechanism capable of distributing CoQ to other cellular membranes. Three ERMES 

subunits (Mmm1, Mdm12, and Mdm34) possess a synaptotagmin-like mitochondrial lipid 

binding protein (SMP) domain shown to facilitate the transport of phospholipids between the ER 

and mitochondria (18, 19, 37). Structural characterization of ERMES using correlative light and 

electron cryo-microscopy (cryo-CLEM) has shown that these SMP domains align to form a 

channel for lipid transport (20). As such, ERMES could serve as a platform for the mitochondrial 

distribution of CoQ in yeast following its synthesis. 

 Despite the absence of a direct human homolog for ERMES, the prevalence of ER-

mitochondrial contact sites in humans indicates that spatial regulation of mitochondrial processes 

via contact sites is conserved. For example, knockdown of the gene encoding the mitofusin-2 

(MFN2) ortholog, MFN2, in mice results in CoQ deficiency and decreased respiratory capacity 

(45). MFN2 is most commonly known for its role in mitochondrial fusion, but its dual 

localization to ER and outer mitochondrial membranes enables it to form a physical tether 

between the two organelles via its homodimerization (46). In contrast, mitofusin-1 (MFN1) 

localizes solely to outer mitochondrial membranes where it can form a heterodimeric tether with 

ER-localized MFN2 (47). Notably, mice with knockdown of Mfn1 retain the ability to synthesize 

CoQ (45). This suggests the CoQ deficiency observed in Mfn2 knockdown mice is not due loss 

of MFN2 function in mitochondrial fusion, but rather results from the loss of MFN2-mediated 

tethering between the ER and mitochondria. Our work reinforces the finding that ER-
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mitochondrial contacts can specifically regulate CoQ biosynthesis in that the preservation of 

ERMES in the Coq10-R147* mutant results in de novo CoQ production similar to the wild-type 

control (Fig. 6). 

In summary, this work revealed that previously reported phenotypes attributed to deletion 

of COQ10 in S. cerevisiae were conflated with those caused by significantly attenuated Mdm12 

protein content in the coq10Δ mutant. To disentangle these phenotypes, we generated two 

separate coq10 point mutants using CRISPR-Cas9 genome editing that maintain Mdm12 protein 

content and ERMES complex formation. Through our characterization of these mutants, we 

demonstrate that Coq10 is required for respiration but not efficient CoQ6 biosynthesis or 

formation of a stable CoQ synthome. Taken together, these results support a model in which 

Coq10 functions solely as a CoQ chaperone responsible for directing CoQ from its sites of 

synthesis to its sites of function at the respiratory complexes. 
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Table 1. Genotype and source of yeast strains. 

Strain Genotype Source 

W303 1B MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 

R. Rothsteina 

BY4742 MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 (27) 

JM6 MAT a his-4 ρ0 J. E. 

McEwenb 

JM8 MAT α ade-1 ρ0 J. E. 

McEwenb 

W303a coq2Δ MAT a, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq2::HIS3 

(48) 

W303 1B coq3Δ MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq3::LEU2 

(49) 

W303a coq4Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq4::TRP1 

(50) 

W303 1B coq5Δ MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq5::HIS3 

(51) 

W303a coq6Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq6::LEU2 

(52) 
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Table 1. Genotype and source of yeast strains. (Cont.) 

Strain Genotype Source 

W303 1B coq7Δ MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq7::LEU2 

(53) 

W303a coq8Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq8::HIS3 

(50) 

W303 1B coq9Δ MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq9::URA3 

(54) 

W303a coq10Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq10::HIS3 

(10) 

W303 1B coq11Δ MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq11::LEU2 

(15) 

W303 1B coq10Δcoq11Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq10::HIS3 

coq11::LEU2 

(15) 

W303a mmm1Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 mmm1::KanMX 

(37) 

W303a mdm10Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 mdm10::HIS3 

(37) 
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Table 1. Genotype and source of yeast strains. (Cont.) 

Strain Genotype Source 

W303a mdm12Δ MAT a leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 mdm12::HIS3 

(37) 

W303 1B Coq10-L96S MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq10-L96S 

This work 

W303 1B Coq10-L96S coq11Δ MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq10-L96S 

coq11::LEU2 

This work 

W303 1B Coq10-R147* MAT α leu2-3,-112; his3-11,-15; trp1-1; ura3-

1; ade2-1; can1-100 coq10-R147* 

This work 

BY4741 coq2Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq2::KanMX4 

(55) 

BY4742 coq10Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10::KanMX4 

(55) 

BY4742 coq11Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq11::LEU2 

(15) 

BY4742 coq10Δcoq11Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10::HIS3 coq11::LEU2 

(15) 
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Table 1. Genotype and source of yeast strains. (Cont.) 

Strain Genotype Source 

BY4742 Coq10-L96S MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10-L96S 

This work 

BY4742 Coq10-L96S coq11Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10-L96S coq11::LEU2 

This work 

BY4742 Coq10-R147* MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10-R147* 

This work 

BY4742 Coq10-R147* coq11Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10-R147* coq11::LEU2 

This work 

 

a Dr. Rodney Rothstein, Department of Human Genetics, Columbia University 

b Dr. Joan E. McEwen 
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Table 2. Plasmids used in this study. 

Plasmid Construct Description Source 

pCAS Expresses S. pyogenes Cas9 plus an HDV ribozyme-sgRNA 

for genome editing in yeast 

(29) 

pCAS_C10-L96 pCAS backbone with modified sgRNA targeting L96 of yeast 

Coq10 

This Work 

pCAS_C10-R147 pCAS backbone with modified sgRNA targeting R147 of 

yeast Coq10 

This Work 
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Table 3. Description and source of antibodies. 

Antibody Working Dilution Source 

Coq3 1:200 (56) 

Coq4 1:2,000 (57) 

Coq5 1:5,000 (58) 

Coq6 1:200 (52) 

Coq7 1:500 (59) 

Coq8 Affinity purified, 1:30 (6) 

Coq9 1:1,000 (6) 

Coq10 Affinity purified, 1:400 (8) 

Coq11 1:500 (8) 

Mdh1 1:10,000 Lee McAlister-Hennc 

Mdm10 1:250 (36) 

Mdm12 1:200 (36) 

Mmm1 1:500 (36) 

 

c Dr. Lee McAlister-Henn, Department of Molecular Biophysics and Biochemistry, University of 

Texas Health Sciences Center 
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FIGURES 

 

Figure 1. CoQ biosynthesis in yeast requires the CoQ synthome to assemble adjacent to 

ERMES contact sites. A, The proposed CoQ biosynthetic pathway in Saccharomyces 

cerevisiae. B, Schematic depicting the CoQ synthome positioned adjacent to the ERMES 

complex. CoQ synthome members are represented in purple and ERMES components are 

highlighted in turquoise. Coq1, Coq2, and Coq10 (gray) are not members of the CoQ synthome, 

but are still required to observe efficient CoQ6 biosynthesis. 
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Figure 2. Mdm12 and Mmm1 polypeptides are depleted in yeast coq10Δ mutants. A, 

Aliquots of crude mitochondria (25 µg) from WT, coq10Δ, coq11Δ, and coq10Δcoq11Δ yeast 

strains were subjected to 10% Tris-glycine SDS-PAGE. Immunoblotting was performed with 

antisera against the indicated ERMES subunits (Mmm1, Mdm10, and Mdm12), and yeast 

harboring the corresponding deletions were used as negative controls (ERMESΔ). Malate 

dehydrogenase (Mdh1) was used as a loading control. Data are representative of three biological 

replicates. B, ImageJ was used to quantify triplicate band intensities of select ERMES subunits. 

Band intensities were normalized to Mdh1 and plotted as percentage of the wild-type (WT) 

control. The data depicts the mean ± SD of three biological replicates, and the statistical 

significance compared with WT is represented by *, p < 0.05, and ****, p < 0.0001.  
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Figure 3. Structural prediction of S. cerevisiae Coq10 and sequence alignment with human 

orthologs highlight residues targeted for mutagenesis. A, Multiple sequence alignment of S. 

cerevisiae Coq10 (residues 31-207) with the Coq10-L96S and Coq10-R147* mutants 

constructed in this study and the human homologs COQ10A (residues 73-244)/COQ10B 

(residues 64-235). The yeast Coq10 polypeptide and orthologous human sequences were 

obtained from Universal Protein Knowledgebase (UniProtKB). The MSA was constructed using 

the ClustalW package of Clustal Omega and visualized in JalView2. Conservation of each 

residue is indicated by degree of shading, which represent 80%, 60% and 40% percent identity 

from darkest to lightest shade, respectively. Residues targeted for mutagenesis in this study are 

indicated with an inverted triangle, and asterisks indicate residues deemed critical for ligand 

binding in previous studies. B, Location of the Coq10 residues targeted for mutagenesis by 

CRISPR-Cas9 (shown in green) within the context of the COQ10 open-reading frame (top) and 

the AlphaFold predicted structure for S. cerevisiae Coq10 (bottom, AF-Q08058-F1). The region 
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shown in gray represents the truncation that results from introducing the Coq10-R147*/N149* 

double mutation. C, Schematic depicting the head-to-head positioning of COQ10 (purple) and 

MDM12 (gray) within the context of S. cerevisiae Chromosome XV (green). Notably, these two 

genes are separated by only 176 base pairs (bp), suggesting deletion of gene one could impact 

the expression of the other and vice versa. 
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Figure 4. Mdm12 protein levels are preserved in strains expressing the Coq10-L96S or 

Coq10-R147* mutant. A, Aliquots of crude mitochondria (25 μg) from the indicated yeast 

strains were subjected to 10% Tris-glycine SDS-PAGE. Immunoblotting was performed with 

antisera against the indicated ERMES subunits (Mmm1, Mdm10, and Mdm12), and yeast 

harboring the corresponding deletions were used as negative controls (ERMESΔ). Malate 

dehydrogenase (Mdh1) was used as a loading control. Data are representative of three biological 

replicates. B-D, ImageJ was used to quantify triplicate band intensities of the indicated ERMES 

proteins. Band intensities were normalized to Mdh1 and plotted as percentage of the wild-type 
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control. The data depict mean ± SD of three biological replicates, and the statistical significance 

compared with WT is represented by *, p < 0.05. E, 12.5 µg of crude mitochondria were 

separated on 12% Tris-glycine SDS-PAGE and immunoblotting was performed using Coq10 

antisera. An aliquot of mitochondria from the coq10Δ yeast was used as a negative control. F, 

ImageJ was used to quantify triplicate band intensities for the Coq10 polypeptide. Band 

intensities were normalized to Mdh1 and plotted as percentage of the wild-type control. The data 

depict the mean ± SD of three biological replicates, and the statistical significance compared 

with WT is represented by ****, p < 0.0001.  
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Figure 5. Strains expressing the Coq10-L96S or Coq10-R147* mutant display impaired 

respiratory growth similar to the coq10Δ mutant. Overnight cultures of the indicated yeast 

strains were diluted to an A600 = 0.2, and 2 µL of 5-fold serial dilutions were spotted onto 

fermentable (YPDextrose, YPD) or respiratory (YPGlycerol, YPG) medium. Plates were 

incubated at 30 ℃ for two or three days prior to imaging. Data are representative of three 

biological replicates.  
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Figure 6. The Coq10-R147* mutant retains the ability to efficiently synthesize CoQ6. 

Triplicates of yeast cultured in 25 mL YPGal were labeled at an A600 ~ 0.6 with 8 µg/mL 13C6-

pABA or ethanol as a vehicle control. 15 mL of each culture were harvested after 5 hours, lipid 

extracted, and analyzed by LC-MS/MS. A, unlabeled 12C-CoQ6; B, labeled 13C6-CoQ6; C, total 

amount of CoQ6 determined from the sum of 12C-CoQ6 (white) and 13C6-CoQ6 (red). The data 

depict the mean ± SD, and the statistical significance as compared with the coq10Δ mutant is 

represented by *, p < 0.05; ***, p < 0.001; and ****, p < 0.0001. 
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Figure 7. Lowered abundance of the Coq polypeptides in the coq10 point mutants can be 

rescued by deletion of COQ11 like the coq10Δcoq11Δ mutant. A, Aliquots of crude 

mitochondria (12.5 μg) from the indicated yeast strains were subjected to 10% or 12% Tris-

glycine SDS-PAGE. Crude mitochondria from coq3Δ-coq9Δ mutants were included as negative 

controls for Western blotting using antisera against each of the Coq polypeptides. Mitochondrial 

malate dehydrogenase (Mdh1) was included as a loading control. Data are representative of three 

biological replicates. B, ImageJ was used to quantify triplicate band intensities for each of the 

Coq polypeptides. Band intensities were normalized to Mdh1 and plotted as percentage of the 

wild-type control. The data depict the mean ± SD of three biological replicates, and the statistical 

significance compared with the coq10Δ mutant is represented by *, p < 0.05. C, Blots were 

quantified as in B. The data depict the mean ± SD of three biological replicates, and the 

statistical significance compared with the coq10Δcoq11Δ mutant is represented by *, p < 0.05.    
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Figure 8. The destabilized CoQ synthome in the Coq10-L96S mutant is corrected by the 

deletion of COQ11, whereas strains harboring the R147* mutation exhibit no difference in 

CoQ synthome stability. Aliquots (75 µg) of crude mitochondria isolated from wild type, 

coq10Δ, coq11Δ, coq10Δcoq11Δ, Coq10-L96S, Coq10-L96S coq11Δ, Coq10-R147*, and 

Coq10-R147* coq11Δ yeast were solubilized with digitonin and separated by two-dimensional 

BN/SDS-PAGE. Proteins were transferred to PVDF membranes and the CoQ synthome was 

visualized using antisera against Coq9. Aliquots (25 µg) of intact crude mitochondria from each 

strain (M) and coq9Δ (9Δ) yeast were included as a loading control and negative control, 

respectively. 
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ABSTRACT 

Coenzyme Q (CoQ) is an essential redox-active lipid that plays a major role in the electron 

transport chain, driving mitochondrial ATP synthesis. In Saccharomyces cerevisiae, CoQ 

biosynthesis takes place exclusively in the mitochondrial matrix via a large molecular weight 

protein-lipid complex, the CoQ synthome, which is comprised of the polypeptides Coq3-Coq9 

and Coq11. Formation of this complex is coordinated by the endoplasmic reticulum-

mitochondria encounter structure (ERMES), as the CoQ synthome resides in specific membrane 

niches adjacent to ERMES. Loss of ERMES results in CoQ synthome destabilization, 

consequently impairing CoQ biosynthesis, which has been implicated in the common respiratory 

deficient phenotype exhibited by ERMES mutants. The COQ11 gene product is suggested to act 

as a negative modulator of CoQ synthome assembly and CoQ synthesis, as its deletion results in 

an enlarged complex and enhanced de novo CoQ biosynthetic efficiency. In this work, we sought 

to determine if the subsequent deletion of COQ11 can bypass the CoQ defects associated with 

ERMESΔ mutants. We show that select ERMES mutants regain the ability to grow on respiratory 

medium when COQ11 is deleted, and that the stability of the CoQ synthome is also rescued in 

the ERMESΔcoq11Δ double mutant. Lastly, we utilize RNA sequencing data to identify pathway 

candidates that may detail the mechanism of rescue enabled by deletion of COQ11. Overall, this 

work identifies the deletion of COQ11 as a novel bypass mechanism of phenotypes associated 

ERMES mutants, and characterizes the resultant effects on CoQ synthome assembly and CoQ 

production. 
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INTRODUCTION 

Coenzyme Q (ubiquinone or CoQ) is an essential redox-active lipid molecule found in 

the plasma membranes and endomembranes of all eukaryotic species (1, 2). Its canonical 

function takes place in the mitochondrial electron transport chain, where it serves as a mobile 

electron carrier between respiratory complexes to drive ATP synthesis. Other functions of CoQ 

include pyrimidine biosynthesis, proline and sulfide catabolism, and choline degradation (1, 2). 

Additionally, the fully reduced CoQH2 is able to serve as a lipid-soluble antioxidant to 

ameliorate peroxidation of lipids  in cellular membranes (3). 

Proper localization of CoQ is dependent on its hydrophobic tail, comprised of various 

lengths of isoprene units (denoted by n in CoQn) that is species dependent (4). The polyisoprenyl 

tail enables CoQ to anchor itself into the mid-plane of lipid bilayers, and the fully substituted 

benzoquinone head group affords its characteristic redox-active capabilities, permitting electron 

and proton transfer in a variety of biological pathways (1–3). Clinical phenotypes associated with 

diminished CoQ levels in humans can be treated with exogenous CoQ10 supplementation (5). 

Unfortunately, uptake of exogenous CoQ10 is often minimal because the hydrophobicity of CoQ 

with n=6-10 prevents its ability to traverse aqueous environments, and impairs its delivery to the 

inner mitochondrial membrane (5, 6). Thus, an understanding of regulatory elements directly 

associated with the CoQ biosynthetic machinery and putative transport mechanisms would 

provide a holistic view of how CoQ is produced and distributed within the cell. 

In Saccharomyces cerevisiae, biosynthesis of CoQ6 requires fourteen nuclear-encoded 

proteins (Coq1-Coq11, Yah1, Arh1, and Hfd1), located within the mitochondria (2, 7). The 

polypeptides Coq3-Coq9 and Coq11 assemble into a mega complex, the CoQ synthome; correct 

assembly of this metabolon is required for efficient CoQ6 biosynthesis (8). The CoQ synthome 
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can be visualized as discrete puncta within mitochondria, termed CoQ domains, using select Coq 

polypeptides tagged with a fluorescent marker at their endogenous loci (9, 10) Individual 

deletions of the COQ1-COQ9 genes halt CoQ6 production, preventing respiratory growth on 

nonfermentable medium (7). Deletion of these essential genes also leads to the loss of the CoQ 

domains, and results in fluorescent signal that is dispersed throughout mitochondria (9). This is 

due to the loss of the late-stage polyprenylated intermediates, which have also been shown to be 

required for CoQ synthome formation and complex integrity (11, 12). 

The genes encoding the Coq10 and Coq11 proteins are considered nonessential, as 

deletions of either open reading frame result in reduced production of de novo CoQ6 (13, 14). 

However, it has been discovered that co-deletion of both COQ10 and COQ11 elevates CoQ6 

mitochondrial content relative to the coq10Δ (15). The coq10Δcoq11Δ double mutants are able 

to respire on nonfermentable carbon sources (15), rescuing the respiratory defect of the coq10 

single mutant (16, 17). Deletion of COQ11 in coq10Δ yeast also rescues other CoQ6-related 

functions, such as antioxidant protection against lipid peroxidative stress and oxygen 

consumption rates (15). The coq11Δ mutant possesses an enlarged CoQ synthome, as 

demonstrated by two-dimensional Blue Native/SDS-PAGE and fluorescence microscopy (9, 15), 

suggesting the Coq11 polypeptide may serve as a negative modulator of CoQ synthome 

assembly. 

The endoplasmic reticulum-mitochondria encounter structure (ERMES) has been 

identified as a regulator of CoQ synthome assembly and efficient CoQ production (9, 10). 

ERMES is comprised of four proteins (Mmm1, Mdm10, Mdm12, and Mdm34) that tether the ER 

to the mitochondria and is essential for biosynthesis and transport of phospholipids between 

these organelles (18). Interestingly, both ERMES puncta and CoQ domains colocalize into 
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discrete puncta (10). Deletion of any of the ERMES subunits results in a destabilized CoQ 

synthome and loss of the puncta (10). Additionally, ERMESΔ mutants display inefficient CoQ6 

biosynthesis, as they accumulate significant amounts of CoQ6-intermediates (10). Together, 

these data demonstrate a dependence on ERMES complex formation for proper CoQ Synthome 

assembly and efficient CoQ6 production. Independently, ERMES is proposed to act as a platform 

to recruit proteins or other small molecules based on the need of the cell (19). These membrane 

contact sites allow ERMES to shuttle phospholipids between the ER and mitochondria (19). 

Three of the four ERMES subunits (Mmm1, Mdm12, and Mdm34) possess synaptotagmin-like 

mitochondrial lipid binding protein (SMP) domains that are arranged to form a hydrophobic 

tunnel poised for lipid transport (18–21). Given the localization of ERMES and the CoQ 

synthome, and the structural and biochemical evidence for lipid trafficking via ERMES, the 

ERMES complex is an attractive candidate for modulating intracellular CoQ distribution, 

however its ability to bind CoQ has not been evaluated. 

The COQ10 open reading frame is the neighboring gene to MDM12, which encodes the 

cytosolic subunit of ERMES; their close apposition within the genome suggests a putative 

functional relationship or physical interaction between their gene products (17, 22, 23). In fact, 

the deletion of COQ10 results in the loss of spatial coordination between the CoQ synthome and 

ERMES contacts, as the percent of complex colocalization is significantly reduced in the coq10Δ 

mutant (10). While it has been previously shown that deletion of MDM12 does not significantly 

impact Coq10 protein levels (10), recent evidence demonstrates that the coq10Δ mutant has 

severely attenuated Mdm12 polypeptide content (24). Loss, depletion, or mutations of ERMES 

components results in the inability to form the ERMES complex (18), and consequently, the 

phenotypes associated with ERMES dysfunction conflated with coq10 mutant phenotypes (24). 
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Importantly, the engineered coq10 truncation mutant (Coq10-R147*) preserved ERMES 

polypeptide levels (24). Although the Coq10-R147* mutant still showed impaired growth on 

nonfermentable medium, both CoQ biosynthesis and the CoQ synthome was preserved, 

indicating that these defects previously noted in the coq10Δ deletion mutant instead resulted 

from disruption of ERMES function (24). 

Given that deletion of COQ11 previously rescued coq10Δ phenotypes irrespective of 

ERMES integrity, we questioned if phenotypes associated with ERMES mutants can also be 

remedied by deletion of COQ11. We show that the respiratory growth of select ERMESΔ 

mutants can be mitigated by deletion of COQ11, which highlights the possibility of unique 

functions for individual ERMES subunits, despite residing in the same complex. Overall, we 

identify the deletion of COQ11 as a novel suppressor of ERMES mutant phenotypes, offering a 

potential broader role to Coq11 as a modulator of CoQ synthesis as well as a potential modulator 

of mitochondrial function and mitochondrial-ER CoQ trafficking. 

 

EXPERIMENTAL PROCEDURES 

Yeast strains and growth medium 

Saccharomyces cerevisiae strains used in this study are listed in Table 1. Yeast strains 

were derived from W303 (25) or BY4741 (26). Growth media included: YPG (1% yeast extract, 

2% peptone, 3% glycerol), YPD (1% yeast extract, 2% peptone, 2% glucose), and YPGal (1% 

yeast extract, 2% peptone, 2% galactose, 0.1% dextrose). Synthetic dextrose/glycerol medium 

consisted of all components minus leucine. Plate medium contained 2% bacto-agar. 

The COQ11 open reading frame was disrupted using the one-step gene disruption method 

(27). The donor DNA fragment was amplified by polymerase chain reaction (PCR) from a bona 
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fide coq11Δ strain using the primers 5′AGTGTCTCCTCGTAATGCCATC3′ and 

5′CAACCAAGAGGCATATCAGGC3′. PCR products were introduced into yeast cells using the 

lithium acetate method (28). Yeast strains harboring fluorescent tags were generated via 

sporulation and tetrad dissection; these constructs were gifted by Dr. Jodi Nunnari from the Bay 

Area Institute at Altos Labs. Prior to performing experiments, the rho status of cells was 

confirmed either by maintaining growth on glycerol, or using JM6 and JM8 as rho0 test trains 

for strains that are not viable on YPG, such as coqΔ mutants (29). 

 

Drop dilution plate assays 

Yeast cultures of W303 wild type, mmm1Δ, coq11Δ, and mmm1Δcoq11Δ were grown 

overnight in 5 mL of YPG to ensure mutants lacking ERMES retain mitochondrial DNA. The 

following day, cultures were diluted to an A600 ~ 0.25 in 15 mL of fresh YPG and expanded to a 

final A600 ~ 1.0. Cells were harvested by centrifugation, washed with sterile water, and diluted in 

phosphate-buffered saline (PBS) to an A600 = 0.2. 200 µL of the cell resuspension was transferred 

to a 96-well plate and serial dilutions were performed four times, where for each dilution 40 µL 

of the cell suspension was added to a subsequent well of 160 µL of PBS. 2 µL of each dilution 

were spotted on YPD and YPG plates, corresponding to a final A600 = 0.2, 0.04, 0.008, 0.0016, 

and 0.00032. All plates were incubated at 30 °C for 2-3 days. 

 

Isolation of crude mitochondria 

 Yeast strains were cultured overnight in 50 mL of YPG at 30 °C with shaking. Pre-

cultures were back-diluted with YPG and grown for 24 hours with shaking (30 °C, 250 rpm) 

until cell density reached an A600 ~ 4. Cells were harvested and subsequently treated with 



  

 90 

Zymolyase-20T (MP Biomedicals) to produce spheroplasts. Spheroplasts were lysed using 

dounce homogenization and the resulting homogenate was subjected to centrifugation at 1,500 × 

g to pellet large debris including unlysed cells and nuclei. The supernatant was collected and 

subjected to centrifugation at 12,000 × g to pellet mitochondria. The resulting mitochondrial 

pellet was washed and centrifuged again at 1,500 × g to remove impurities. The final 

centrifugation was conducted at 12,500 × g, and the crude mitochondrial pellet was resuspended 

in MES sorbitol buffer, frozen in liquid nitrogen, and stored at –80 °C until further use.  All 

fractionation steps were completed in the presence of EDTA-free protease inhibitor cocktail 

tablets (Roche), phosphatase inhibitor cocktail set I (Sigma-Aldrich), phosphatase inhibitor 

cocktail set II (Sigma-Aldrich), and PMSF (Fisher Scientific), and all centrifugations were 

conducted at 4 °C. Protein concentration of crude extracts was determined by the bicinchoninic 

acid (BCA) assay (ThermoFisher Scientific).  Due to the inability of the coqΔ mutant control 

strains to grow in YPG, crude mitochondria were isolated using the same protocol, with the 

culturing step completed in YPGal instead of YPG. 

 

Analysis of CoQ6 and CoQ6-intermediates and stable isotope labeling 

Cells were grown overnight in 25 mL of YPG at 30 °C with shaking. The pre-cultures 

were then back-diluted to an A600 ~ 0.1 and allowed to further expand to mid-log phase (A600 ~ 

0.6). For analysis of de novo biosynthesis, cells were treated with 8 µg/mL of 13C6-pABA for 5 

hours or ethanol as a vehicle control. Labelled pABA was obtained from Sigma-Aldrich. All 

cultures were harvested by centrifugation and cell pellets were stored at –20 °C until use. Cell 

pellets were resuspended in PBS and lysed in 2 mL of methanol with the addition of glass beads. 

The same amount of internal standard CoQ4 was added to each sample, and lipids were extracted 
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with the addition of 2 mL petroleum ether twice. Extracted lipids were dried with N2 and stored 

at –20 °C. 

Lipid content was analyzed by LC-MS/MS as previously described (17). Briefly, lipids 

were reconstituted in 200 µL of ethanol containing 0.5 mg/mL benzoquinone and 20 µL of each 

sample was injected into an API4000 linear MS/MS spectrometer (Applied Biosystems). The 

instrument’s corresponding analysis software, Analyst version 1.4.2, was used for data 

acquisition and processing. CoQ6 content was determined by normalizing the peak area to a 

standard curve constructed with known amounts of CoQ6 and the CoQ4 internal standard. 

Standards of CoQ6 were obtained from Avanti Polar Lipids, and CoQ4 was obtained from Sigma-

Aldrich. Relative levels of CoQ6-intermediates are represented as peak areas normalized to the 

internal standard. A one-way analysis of variance with Dunnett’s multiple comparisons test was 

performed using GraphPad Prism 10. 

 

SDS-PAGE and immunoblot analysis of steady-state protein expression 

 Crude mitochondria (25 µg) were resuspended in SDS sample buffer and separated by gel 

electrophoresis on 10% Tris-glycine polyacrylamide gels. Proteins were transferred to 0.45 µm 

PVDF membranes (Millipore) and blocked with blocking buffer (5% milk and 0.1% Tween-20 

in PBS). Coq proteins and mitochondrial protein loading control Mdh1 were probed with rabbit 

polyclonal antibodies prepared in 0.5% bovine serum albumin at dilutions listed in Table 2. 

IRDye 680LT IgG secondary antibodies (LiCOR) were used at a dilution of 1:20,000. Proteins 

were visualized using the LiCOR Odyssey Infrared Scanner (LiCOR). Immunoblots were 

quantified by hand using ImageJ software (National Institutes of Health, Bethesda, MD). 
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Two-dimensional Blue Native/SDS-PAGE of high molecular weight complexes 

 2D-BN/SDS-PAGE was performed as previously described (30, 31). Crude mitochondria 

(300 µg) were solubilized for one hour on ice with 16 mg/mL digitonin (Biosynth) in the 

presence of the same protease and phosphatase inhibitors from the mitochondrial isolation 

protocol. Solubilized protein was quantified using the BCA assay. 80 µg of solubilized 

mitochondria were separated on NativePAGE 4-16% Bis-Tris gels (Invitrogen) and cut into 

strips for the second-dimension separation. Gel strips were separated on 10% Tris-glycine 

polyacrylamide gels, followed by immunoblot analysis using an antibody against Coq9. 

Lyophilized protein used for the native gel high molecular weight standards were obtained from 

GE Healthcare (Sigma-Aldrich). 

 

Manual fluorescence microscopy 

Yeast cells were grown overnight in YEPGly (2% peptone, 1% yeast extract, 3% 

glycerol) liquid media. Stationary phase cells were diluted in fresh media and incubated for 

either 4 hours or overnight. Back-dilution was done either into YEPGly media or, when 

auxotrophic selection or microscopy imaging was required, synthetic minimal media (S; 0.67% 

[w/v] yeast nitrogen base (YNB) without amino acids and with ammonium sulphate, with 3% 

[w/v] glycerol, supplemented with required amino acids. 

50 µL of cells in mid logarithmic growth phase from each well were transferred to a 

glass-bottomed 384-well microscopy plate (Azenta Life Sciences) coated with Concanavalin A 

(ConA). Following 20 minutes of incubation at 25 °C, wells were washed two times with the 

imaging medium and then imaged. Cells were imaged using a fluorescent microscopy system 

(Olympus) with Hamamatsu Orca Flash 4.0 camera and a Yokogawa confocal spinning disk unit 
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(CSUW1-T2) with a 50 μm pinhole disk and 100X oil lens (NA 1.3). Images were obtained with 

two channels: GFP (excitation wavelength 488 nm, emission filter set B525/50 nm) and mCherry 

(excitation 561 nm, emission filter set 617/73 nm). The imaging was performed by the scanR 

acquisition software (V3.2, Olympus). The cells from the microscopy images were segmented by 

scanR Analysis software (V3.2) using neural networks for recognition and measurement of their 

intensity. We are grateful to Dr. Timo Deikman (Olympus) for his help in building the neural 

networks. 

 

RNA sequencing 

 Overnight cultures of wild type and coq11Δ yeast were back-diluted in 50 mL of YPG 

and allowed to expand to mid-log phase (A600 ~ 0.6). Cells were harvested by centrifugation and 

frozen until extraction. To frozen cell pellets, 500 µL of phenol-chloroform (phenol: chloroform: 

isoamyl alcohol 25:24:1, pH 8.0, ThermoFisher Scientific), 500 µL of RNA-SDS buffer (50 mM 

Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM EDTA, 2% SDS w/v), and acid-washed glass beads 

were added and vortexed for one minute. Samples were heated at 65 °C for 6 minutes, vortexed 

for another minute, and subjected to centrifugation at 15,000 × g or 5 minutes to allow phase 

separation. The top aqueous layer was transferred to a new Eppendorf tube with 450 µL of fresh 

phenol-chloroform. before vortexing and subsequent centrifugation as before. The top aqueous 

layer was transferred again to a new tube with 1 mL of ethanol and 40 µL of 3 M sodium acetate, 

pH 5.2 and cooled to –80 °C to facilitate RNA precipitation. Samples were centrifuged as before, 

and the resulting RNA pellets were washed with 70% ethanol and treated with DNase I (New 

England Biomedicals) before the final resuspension in nuclease-free water. Preparation of RNA 

library and sequencing were conducted by Novogene (Beijing, China). 
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RNA sequencing reads for Saccharomyces cerevisiae strains were aligned to the R64-1-1 

Ensembl annotated genome reference (https://useast.ensembl.org/), using the top-level 

annotation assembled with gffread (32). Raw sequencing reads were quality-controlled and 

trimmed using fastp (version 0.19.4) (33). Reads were then aligned using STAR (version 2.7.8a) 

(34). Transcript abundance was quantified using Cufflinks (version 2.2.1) (35), generating 

FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values. An expression 

matrix was constructed for all strains and biological replicates. Differential gene expression 

analysis was conducted in a pairwise manner between strains. For each gene, log2 fold changes, 

mean expression differences, and z-scores were calculated between strains. P-values were 

determined using a two-sample t-test (assuming unequal variances) on FPKM values. A gene 

was considered differentially expressed if it met all the following criteria: a mean expression 

level (FPKM) in at least one strain above 1, an absolute log2 fold change above 1, an absolute 

expression difference above 1, an absolute z-score above 3, and a p-value less than 0.05. GO 

analyses was performed using GO Term Finder from the Saccharomyces Genome Database (36). 

 

RESULTS  

Deletion of COQ11 rescues respiratory growth defect in select ERMESΔ mutants 

 Given the close relationship between the COQ10 gene and the MDM12 gene of ERMES, 

and that deletion of COQ11 alleviates the ERMES-related phenotypes manifested by the coq10Δ 

mutant, we questioned if phenotypes associated with ERMESΔ mutants can also be mitigated by 

the subsequent deletion of COQ11. The COQ11 open reading frame was successfully deleted in 

the mmm1Δ, mdm10Δ, and mdm34Δ mutants (Table 1); due to the inability to retain 

mitochondrial DNA, a common phenotype in ERMES mutants (18, 21, 37–39), the 

https://useast.ensembl.org/
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mdm12Δcoq11Δ double mutant was not able to be generated for this study. Despite this, the 

remaining mutants generated still serve as promising targets, given ERMES complex formation 

is abolished when any of the subunits are absent (18). 

 The mmm1Δ and mdm10Δ strains regained the ability to grow on the nonfermentable 

medium YPGlycerol (YPG) upon subsequent deletion of COQ11 (Fig. 1A & Fig. S1A). In 

contrast, the mdm34Δcoq11Δ mutant across two genetic backgrounds maintained the sickly 

growth on YPG (Fig. 1B & Fig. S1B). We found it particularly interesting that the mdm10Δ and 

mdm34Δ mutants exhibited opposite phenotypes, as their respective genes encode the two 

mitochondrial components of ERMES, and are direct interacting partners within the complex 

(40). However, it is not uncommon for suppressors of ERMES defects to rescue select mutants, 

or rescue the individual deletions to varying degrees (18, 21). Additionally, it was surprising to 

find that deletion of the gene encoding the ER-residing component, MMM1, was rescued by the 

coq11 knockout (Fig. 1A). Considering Mdm12 protein stability is contingent upon stable 

expression of MMM1 (41), and that Mmm1, Mdm12, and Mdm34 protein levels are not altered 

in mdm10 mutants (40), we selected the mmm1Δcoq11Δ as the most representative 

ERMESΔcoq11Δ mutant to proceed with further analyses. 

 

CoQ synthome stability is repaired in the mmm1Δcoq11Δ double mutant 

 Compared to the coq10Δ single mutant, which has diminished Coq polypeptide content 

(16, 17), the coq10Δcoq11Δ double mutant contained elevated levels of select Coq proteins (15). 

Considering ERMESΔ mutants contain Coq polypeptide levels similar to wild-type yeast (10), 

we were curious if the mmm1Δcoq11Δ mutant would have augmented Coq polypeptide content. 

Using isolated mitochondria, we performed immunoblot analyses against all the identified 
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members of the CoQ synthome, Coq3-Coq9 and Coq11, as well as Coq10, given its 

corresponding gene’s relationship with MDM12. Unsurprisingly, the steady state expression of 

all Coq polypeptides remained unchanged in the mmm1Δcoq11Δ mutant (Fig. 2). 

 Despite the similar steady state Coq protein levels, yeast lacking ERMES exhibit a 

dramatically destabilized CoQ synthome, which was proposed to initiate a feedback loop to 

upregulate transcription of COQ genes (10). Using two-dimensional Blue Native/SDS-PAGE 

(2D BN/SDS-PAGE), a stable CoQ synthome can be visualized as a heterogeneous signal 

between ~66 kDa and ~669 kDa when using an anti-Coq9 probe (8). However, in all ERMESΔ 

mutants, the CoQ synthome instead migrates to ~440 kDa or less (10), which we have also 

replicated in our analyses for the mmm1Δ mutant (Fig. 3). Although all mutants possess similar 

levels of each Coq polypeptide, the signal representing the CoQ synthome in the mmm1Δcoq11Δ 

mutant migrates at a similar size to the wild type (Fig. 3), indicating that the CoQ synthome is 

restabilized upon deletion of the COQ11 open reading frame. 

 

CoQ domain formation is restored in the mmm1Δcoq11Δ mutant 

 Yeast lacking ERMES components are known to possess mitochondria with severe 

morphological defects (18, 37–39, 42). As such, it is tricky to discern whether CoQ synthome 

destabilization is attributed to loss of ERMES specifically, or rather the integrity of 

mitochondrial morphology. Regardless, the signal observed using 2D BN/SDS-PAGE suggests 

the complex is indeed unstable, such that the migration pattern represents several smaller and 

more stable subcomplexes corresponding to lower molecular weights. This interpretation of this 

biochemical analyses is supported by the stable reconstruction of a human COQ7:COQ9 

subcomplex that is stably expressed in E. coli (43). The coq10Δ mutant also exhibits a migration 
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pattern representative of an unstable CoQ synthome (15, 17), however fluorescence microscopy 

experiments have demonstrated that the coq10Δ mutant is still able to form the complex, 

represented as “CoQ domains” marked by fluorescently tagged Coq polypeptides, but in fewer 

quantities than wild-type cells (9, 10). To evaluate for the presence of CoQ domains 

representative of biosynthetic complexes, we used an imaging-based approach using strains that 

possess a tagged Coq9 and aconitase (Aco2) as a mitochondrial marker, which were tagged at 

their endogenous loci. Mitochondrial function is not affected as demonstrated by the 

phenocopied growth of each tagged strain on YPG (Fig. S2). Our results corroborate the 2D 

BN/SDS-PAGE analyses in that the mmm1Δcoq11Δ double mutant indeed is able to rescue CoQ 

synthome complex formation, as represented by an increased number of cells that contain CoQ 

domains compared to the mmm1Δ mutant (Fig. 4). Upon closer examination of the mitochondria 

that contain CoQ domains, mitochondria from the mmm1Δ and mmm1Δcoq11Δ mutants harbor 

one puncta, whereas the wild type and coq11Δ mutants can possess more than one CoQ domain 

per mitochondrion (Fig. S3). This could suggest that the number of CoQ domains may be 

modulated by ERMES, such that when ERMES is absent, only few CoQ domains can form, even 

in the absence of the negative effector, Coq11. 

  

Coq11 mutants accumulate lipid intermediates and exhibit inefficient CoQ6 biosynthesis 

 To evaluate if the stabilization of the CoQ synthome mediated by deletion of COQ11 

influences CoQ6 production, we measured de novo CoQ6 biosynthesis in vivo. CoQ biosynthesis 

is the result of several pathways whose intermediates converge within the mitochondria to 

generate the essential lipid molecule (2). Namely, the components that generate the 

polyisoprenyl tail moiety are derived from the mevalonate pathway, while the head group, 4-
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hydroxybenzoic acid (4HB), is derived predominantly from tyrosine in eukaryotes; yeast are able 

to utilize 4HB derived from the shikimate pathway but can also use para-aminobenzoic acid 

(pABA), derived from chorismate, as an alternative head group precursor. In yeast, prenylation 

of pABA and 4HB by the Coq2 polypeptide results in the early intermediates, hexaprenyl-

aminobenzoic acid (HAB) and hexaprenyl-hydroxyamino benzoic acid (HHB), respectively. The 

essential Coq polypeptides that constitute the CoQ synthome, Coq3-Coq9, are then able to 

perform the remaining head group modifications that eventually lead to the final product, CoQ6 

(2) (Fig. 5A). 

 It has been shown previously that deletion of ERMES results in altered de novo CoQ6 

biosynthesis (10). Similarly, the coq10Δcoq11Δ double mutant displayed slightly improved de 

novo CoQ6 biosynthesis with respect to the coq10Δ single mutant (15). To determine the effect 

on CoQ biosynthesis in the mmm1Δcoq11Δ double mutant, we treated yeast cultures with 13C 

ring-labeled pABA and analyzed whole cell lipid extracts using liquid chromatography with 

tandem mass spectrometry (LC-MS/MS). While the total CoQ6 content did not change between 

the mmm1Δ and mmm1Δcoq11Δ mutants, 13C6-CoQ6 was significantly decreased as compared to 

WT and the mmm1Δ mutant, respectively (Fig. 5B). We next analyzed key intermediates, HAB 

and demethoxy-Q6 (DMQ6), that are representative of early and late stages in the biosynthetic 

pathway, respectively. Consistent with previous literature (14), the coq11Δ mutant retained 

higher amounts of 12C-HAB and 13C6-HAB compared to the wild-type control, which the 

mmm1Δcoq11Δ mutant mirrors when compared to the mmm1Δ mutant (Fig. 5C). The 

mmm1Δcoq11Δ mutant possessed the highest total DMQ6 content, despite the de novo DMQ6 

levels to be unchanged compared to the mmm1Δ mutant (Fig. 5D). The elevation in total DMQ6 

content in this mutant appears to be from the accumulation of unlabeled DMQ6, which can also 
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be observed in the coq11Δ single mutant, albeit insignificant compared to the wild type (Fig. 

5D). Taken together, the results indicate that CoQ6 biosynthesis is attenuated in mutants 

harboring the COQ11 deletion, when compared to either wild type or to the mmm1Δ mutant. 

Thus, the enhanced Coq polypeptide content and restoration of the CoQ synthome is not 

indicative of more efficient CoQ biosynthesis. It is possible that deletion of COQ11 changes the 

state of the CoQ synthome and/or alters the redox state of CoQ. 

 

Coq11Δ mutants have lower transcript levels of genes related to respiration 

 To identify candidate pathways that may be prompted by the deletion of COQ11, we 

performed RNA sequencing on wild type and coq11Δ yeast and quantified changes in transcript 

abundance (Fig. 6A). Gene ontology (GO) analysis of the downregulated genes in the coq11Δ 

mutant (174 genes total) indicate significant enrichment of genes associated with cellular 

respiration (Fig. 6B). The results of this analysis were surprising considering the robust growth 

on respiratory medium exhibited by mutants that lack COQ11. The Coq11 polypeptide has also 

been ascribed to function as part of the mitochondrial organization of gene expression 

(MIOREX) complex involved in the mitochondrial genetic expression system (44). Given its 

dual localization, it is possible that the loss of Coq11 results in decreased abundance of 

respiratory complexes, which may require less CoQ6 to maintain respiratory function. In fact, 

transcript abundance of several genes that encode respiratory complex components, including 

complex V (ATP synthase) and the complex I equivalent in yeast (Ndi1), are significantly 

downregulated in the coq11Δ mutant (data not shown). In contrast, GO analysis of the 

upregulated genes indicate enrichment of genes associated with ribosomal biogenesis and rRNA 

processing (Fig. 6C). In yeast, transcriptional upregulation of ribosome biogenesis has been 
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tightly linked to maintenance of the proteome (45); a tentative model might suggest that the 

upregulation of ribosomal biogenesis is a consequence of not meeting energy demands required 

to maintain proteostasis, especially if mitochondrial ATP production is also downregulated (Fig. 

6B). Additionally, another enriched upregulated cellular process is nucleic acid catabolism (Fig. 

6B); nucleotide degradation and ribose salvage pathways have been implicated in mitigating 

oxidative stress, as fructose-6-phosphate derived from ribose sugars can be used to regenerate 

NAD(P)H, which can reduce glutathione to modulate cellular reactive oxygen species (46). One 

gene with significantly increased transcript abundance in the coq11Δ mutant that is not 

categorized with these gene ontology annotations is GPX2 (data not shown). The GPX2 gene 

product, glutathione peroxidase, is able to mitigate reactive oxygen species production and 

preserve mitochondrial respiration (47), which may provide a mechanism for how respiration 

persists despite the transcriptional consequence prompted by deletion of COQ11. 

 

DISCUSSION 

 This work revealed the deletion of COQ11 is a novel suppressor of ERMESΔ phenotypes. 

Deletion of COQ11 was previously shown to rescue defects associated with coq10Δ yeast, such 

as impaired respiratory growth, destabilization of the CoQ synthome, and inefficient CoQ 

biosynthesis (15). It was later discovered that several coq10Δ phenotypes are attributed to 

ERMES dysfunction, as the deletion of COQ10 attenuates Mdm12 protein content due to the 

close proximity of the COQ10 and MDM12 open reading frames within the yeast genome (24). 

Considering the rescued phenotypes in the coq10Δcoq11Δ double mutant were those caused by 

ERMES disruption, we sought to determine if COQ11 deletion could also ameliorate ERMES 

mutant phenotypes. In this work, we have generated several ERMESΔcoq11Δ mutants, and show 
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that the respiratory growth defect of the mmm1Δ and mdm10Δ mutants can be rescued by 

deletion of COQ11 (Fig. 1 and Fig. S1). The Coq11 polypeptide is proposed to be a negative 

modulator of CoQ synthome assembly, as coq11Δ yeast exhibit enhanced CoQ synthome 

formation via 2D BN/SDS-PAGE (15) and also higher intensity CoQ domains (9). Using the 

same biochemical and fluorescence-based approaches, we demonstrate that the mmm1Δcoq11Δ 

mutant possesses a more stable CoQ synthome (Fig. 3) and higher frequency of CoQ domains 

(Fig. 4) relative to the mmm1Δ single mutant. Our characterization of the mmm1Δcoq11Δ mutant 

further supports the notion that the Coq11 polypeptide modulates the assembly of the CoQ 

synthome, and spotlights a unique relationship between ERMES, the CoQ synthome, and CoQ 

biosynthesis. 

 The functional component of the Mmm1, Mdm12, and Mdm34 subunits is comprised of 

the SMP domain, a common lipid binding motif that, when aligned, can serve as a conduit for 

transporting lipids in and out of mitochondria (19, 20). Despite being unable to generate the 

mdm12Δcoq11Δ double mutant, we predict the coq11 knockout would also rescue mdm12Δ 

yeast, as Mdm12 protein content relies on stable expression of MMM1, and vice versa (41). 

Intriguingly, Mmm1 protein content is also depleted in mdm34Δ mutants, but Mdm34 

polypeptide is still detected in mmm1Δ yeast (38). This may suggest that the presence of Mdm34 

is required for the COQ11 deletion to rescue respiratory growth, as the mdm34Δ mutant was 

unable to be rescued across two genetic backgrounds (Fig. 1B & Fig. S1B). 

 The Mdm10 protein possesses a β-barrel core structure, similar to that of VDAC and 

Tom40 (40, 48). Instead of binding lipids, Mdm10 functions as part of the Sorting and Assembly 

Machinery (SAM) complex, facilitating in TOM complex biogenesis and subsequent 

mitochondrial protein import (49). Considering this additional role of Mdm10, we found it 
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surprising that the respiratory growth of the mdm10Δ mutant was able to be rescued robustly by 

the COQ11 deletion (Fig. S1A). However, previous work has demonstrated that overexpression 

of Mcp1 and Mcp2 (Mdm10 Complementing Proteins 1 and 2) can suppress the respiratory 

growth defect of mdm10Δ mutants, and this rescue phenotype was attributed to changes in 

mitochondrial phospholipid content mediated by Mcp1 and Mcp2 (21). In a more recent study, 

Mcp2 was renamed Cqd2 (CoQ Distribution protein 2), as it was shown to mobilize CoQ6 from 

the mitochondrial inner membrane to non-mitochondrial membranes (50). Given the role of 

Mcp2/Cqd2 in rescuing mdm10Δ respiratory growth and modulating CoQ distribution, it is 

tempting to speculate that CoQ has a unique role in this suppression mechanism, which can 

potentially be investigated further in our mdm10Δcoq11Δ mutant. 

 Deletion of COQ11 results in less efficient CoQ6 biosynthesis relative to wild-type cells 

(14, 15), which we have also reproduced in our analyses (Fig. 5B). Despite HAB and DMQ6 

being fixed points in the biosynthetic pathway, it is tempting to interpolate that flux throughout 

the pathway is also inefficient. The elevated levels of both the total HAB and total DMQ6 could 

suggest that flux is impaired, consequently leading to high levels of remaining intermediates as 

well (outlined in Fig. 5A, however unable to be detected via LC-MS/MS). Given that late-stage 

lipid intermediates are also required to stabilize the CoQ synthome (11, 12), the deletion of 

COQ11 may be rescuing CoQ synthome stability via retention of late-stage lipid intermediates, 

contributing to an inefficient production of CoQ6 (Fig. 5B-D). This model is feasible considering 

the mmm1Δ and mmm1Δcoq11Δ mutants harbor Coq polypeptide content similar to WT (Fig. 2), 

yet only the mmm1Δcoq11Δ double mutant possesses a more stable CoQ synthome, which can 

also be readily detected via fluorescence microscopy (Fig. 3 & Fig. 4). Irrespective of the 

stability of the CoQ synthome, the number CoQ domains per mitochondrion in the strains 
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lacking MMM1 suggests that ERMES may modulate the copy number or frequency of CoQ 

domains that can form per mitochondrion (Fig. S3). A fundamental role of membrane contact 

sites is to serve as recruitment sites that can help modulate interorganelle metabolite exchange. 

For this reason, it would make sense that fewer contact sites due to loss of ERMES would result 

in fewer CoQ domains, as there is no platform to facilitate in the potential distribution of CoQ. 

 We had hoped to identify candidates that may detail the mechanism of rescue that is 

prompted by the COQ11 deletion using RNA sequencing data (Fig. 5A). Gene ontology analysis 

of the downregulated transcripts highlight that the most enriched pathways are involved in 

respiration (Fig. 5B). Considering Coq11 has dual localization with the MIOREX complex (44), 

which is responsible for mitochondrial gene expression, it is reasonable that the loss of Coq11 

could affect transcript abundance of several respiratory complex genes. Given the canonical role 

of CoQ as a mobile electron carrier in the mitochondrial electron transport chain, it has been 

noted that CoQ deficiency, and consequently decreased electron transport, can contribute to 

increased oxidative stress (51). Notably, decreased respiration can cause complex V, ATP 

synthase, to run in reverse, which can alter the membrane potential due to extrusion of protons 

from the mitochondrial matrix (51). The decreased abundance of respiratory complexes could 

compensate for decreased CoQ, thereby maintaining forward electron transport and respiration 

even with reduced CoQ biosynthesis. For the enriched upregulated pathways (Fig. 6C), it is 

important to note that the significance of enrichment is of lesser magnitude than the 

downregulated pathways (Fig. 6B); this denotes that even if the upregulated pathways are likely 

stress responses, they are not as significant as those that are transcriptionally downregulated. The 

results from our sequencing further illuminate a unique role for Coq11 in mitochondrial 

respiration, akin to its closest human homolog, NDUFA9, a component of complex I (14). 
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Given previous work showed deletion of COQ11 can rescue coq10Δ phenotypes (15) that 

were later revealed to be ERMES mutant phenotypes (24), we were not surprised to find that 

deletion of COQ11 could ameliorate ERMESΔ defects. In accordance with previous work (9, 10) 

this study further supports a specific role for ERMES in modulating CoQ synthome stability and 

CoQ domain formation, but also highlights that individual subunits may fulfill unique roles, 

given that not all ERMES deletions are able to rescued. While the function of Coq11 remains 

unclear, its dual localization with MIOREX, the role of its human homolog, NDUFA9, in 

complex I, and the transcriptional consequence prompted by its deletion suggest it serves a 

specific role in regulating respiration, potentially through modulating the redox pool of 

CoQ/CoQH2. 
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Table 1. Yeast strains used in study 

Strain Genotype Source 

W303 1B MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 

R. Rothsteina 

BY4741 MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (26) 

JM6 MAT a his-4 ρ0 J. E. McEwenb 

JM8 MAT α ade-1 ρ0 J. E. McEwenb 

W303a coq2Δ MAT a, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq2::HIS3 

(52) 

W303 1B coq3Δ MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq3::LEU2 

(53) 

W303a coq4Δ MAT a, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq4::TRP1 

(54) 

W303 1B coq5Δ MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq5::HIS3 

(55) 

W303a coq6Δ MAT a, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq6::LEU2 

(56) 
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Table 1. Yeast strains used in study (cont.) 

Strain Genotype Source 

W303 1B coq7Δ MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq7::LEU2 

(57) 

W303a coq8Δ MAT a, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq8::HIS3 

(54) 

W303 1B coq9Δ MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq9::URA3 

(58) 

W303a coq10Δ MAT a, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 coq10::HIS3 

(13) 

W303 1B coq11Δ MAT α ade2-1 his3-1,15 leu2-3,112trp1-1 

ura3-1 coq11::LEU2 

(15) 

W303a mmm1Δ MAT a, leu2-3,-112; his3-11,-15; trp1-1; 

ura3-1; ade2-1; can1-100 mmm1::KanMX 

(21) 

W303a mmm1Δcoq11Δ MAT a, leu2-3,-112; his3-11,-15; trp1-1; 

ura3-1; ade2-1; can1-100 mmm1::KanMX 

coq11::LEU2 

This work 

W303a mdm10Δ MAT a, leu2-3,-112; his3-11,-15; trp1-1; 

ura3-1; ade2-1; can1-100 mdm10::HIS3 

(21) 
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Table 1. Yeast strains used in study (cont.) 

Strain Genotype Source 

W303a mdm12Δ MAT a, leu2-3,-112; his3-11,-15; trp1-1; 

ura3-1; ade2-1; can1-100 mdm12::HIS3 

(21) 

W303a mdm34Δ MAT a, leu2-3,-112; his3-11,-15; trp1-1; 

ura3-1; ade2-1; can1-100 mdm34::KanMX 

(21) 

W303a mdm34Δcoq11Δ MAT a, leu2-3,-112; his3-11,-15; trp1-1; 

ura3-1; ade2-1; can1-100 mdm34::KanMX 

coq11::LEU2 

This work 

W303a Coq9-yeGFP 

Aco2-mCherry 

MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 Coq9-yEGFP::Hygro 

Aco2-mCherry::HIS3 

This work 

W303a Coq9-yeGFP 

Aco2-mCherry mmm1Δ 

MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 Coq9-yEGFP::Hygro 

Aco2-mCherry::HIS3 mmm1::KanMX 

This work 

W303a Coq9-yeGFP 

Aco2-mCherry coq11Δ 

MAT α, ade2-1 can1-100 his3-11,15 leu2-

3,112 trp1-1 ura3-1 Coq9-yEGFP::Hygro 

Aco2-mCherry::HIS3 coq11::LEU2 

This work 
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Table 1. Yeast strains used in study (cont.) 

Strain Genotype Source 

W303a Coq9-yeGFP 

Aco2-mCherry mmm1Δ 

coq11Δ 

MAT α, ade2-1 can1-100 his3-11,15 leu2-3,112 

trp1-1 ura3-1 Coq9-yEGFP::Hygro Aco2-

mCherry::HIS3 mmm1::KanMX coq11::LEU2 

This work 

BY4741 coq2Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

coq2::KanMX4 

(59) 

BY4742 coq11Δ MAT α his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

coq11::LEU2 

(15) 

BY4741 mdm10Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

mdm10::KanMX4 

(59) 

BY4741 mdm10Δcoq11Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

mdm10::KanMX4 coq11::LEU2 

This work 

BY4741 mdm34Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

mdm34::KanMX4 

(59) 

BY4741 mdm34Δcoq11Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

mdm34::KanMX4 coq11::LEU2 

This work 

 

a Dr. Rodney Rothstein, Department of Human Genetics, Columbia University 

b Dr. Joan E. McEwen 
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Table 2. Description and source of antibodies 

Antibody Working Dilution Source 

Coq3 1:200 (60) 

Coq4 1:2,000 (61) 

Coq5 1:5,000 (62) 

Coq6 1:200 (56) 

Coq7 1:1,000 (63) 

Coq8 Affinity purified, 1:30 (8) 

Coq9 1:1,000 (8) 

Coq10 Affinity purified, 1:400 (17) 

Coq11 1:500 (17) 

Mdh1 1:10,000 Lee McAlister-Hennc 

 

c Dr. Lee McAlister-Henn, Department of Molecular Biophysics and Biochemistry, University of 

Texas Health Sciences Center  
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FIGURES 

 

Figure 1. Deletion of COQ11 rescues respiratory growth defect in the mmm1Δ mutant. 

Spot-dilution assays were performed to assess viability of A, the mmm1Δcoq11Δ and B, 

mdm34Δcoq11Δ mutants on fermentable (YPD) and nonfermentable (YPG) plate medium. Yeast 

cells were cultured in YPG to a final A600 ~1.0, harvested by centrifugation, and washed twice 

with sterile water. Isolated cells were resuspended and serial-diluted in sterile phosphate-

buffered saline to a final A600 = 0.2, 0.04, 0.008, 0.0016, and 0.00032. 2 µL of each dilution were 

spotted on YPD and YPG plates, and plates were incubated at 30 °C for 2-3 days. Images are 

representative of at least three biological replicates. 
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Figure 2. Coq polypeptide content is unaltered in the mmm1Δ, coq11Δ, and mmm1Δcoq11Δ 

mutants as compared to WT. A, Aliquots of crude mitochondria (25 µg) from WT, mmm1Δ, 

coq11Δ, and mmm1Δcoq11Δ yeast strains were subjected to 10% or 12% Tris-glycine SDS-

PAGE. Proteins stained with Ponceau stain and mitochondrial malate dehydrogenase (Mdh1) 

were used as loading controls. Mitochondria isolated from coq3Δ–coq11Δ (coqΔ) strains were 

used as negative controls. Black arrows indicate the location of each protein on the membrane. B, 

Band intensities corresponding to the Coq proteins were quantified by hand using ImageJ, which 

were normalized to Mdh1 and plotted as a percentage of WT. The data show mean ± SD of three 

biological replicates. A one-way analysis of variance with Dunnett’s multiple comparisons 

showed no statistical significance. 
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Figure 3. The mmm1Δcoq11Δ mutant has a more stabilized CoQ synthome relative to the 

mmm1Δ mutant. Digitonin-solubilized crude mitochondria from the indicated strains were 

subjected to two-dimensional Blue Native/SDS-PAGE (2D BN/SDS-PAGE). The CoQ 

synthome can be visualized in the W303 WT control as a heterogeneous signal between ~66 kDa 

and ~669 kDa when probed using an antibody against the Coq9 polypeptide. The signals 

corresponding to the CoQ synthome are indicated with the red bracket. 25 µg of intact 

mitochondria of the indicated strains (M) were included as a positive control, and mitochondria 

from coq9Δ yeast (9Δ) were included as a negative control. Data are representative of three 

biological replicates. 
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Figure 4. Frequency of CoQ domain formation is rescued in mmm1Δcoq11Δ mutant. A, 

Yeast expressing yEGFP-tagged Coq9 and Aco2 tagged with mCherry as a mitochondrial marker 

were imaged using fluorescence microscopy. B, Quantification of panel A: for each cell, Coq9-

yEGFP foci were detected using a neural network, and plotted as percentage of cells containing 

CoQ domains. At least 500 cells were used for this analysis. 
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Figure 5. The CoQ biosynthetic pathway is inefficient in the mmm1Δcoq11Δ mutant. A, 

Representation of the CoQ6 biosynthetic pathway in yeast. Intermediates analyzed are indicated 

in red text. Triplicates of 25 mL cultures in YPG were labeled at A600 ~ 0.6 with 8 µg/mL 13C6-

para-aminobenzoic acid (13C6-pABA) or ethanol as a vehicle control. Labeled and unlabeled B, 

Hexaprenyl-aminobenzoic acid (HAB), C, demethoxy-Q6 (DMQ6), and D, CoQ6 were analyzed 

from whole cell lipid extracts after 5 hours of labeling. Total content was determined using the 

sum of [12C+13C6] of each analyte. The data depict mean ± SD of three biological replicates, and 

statistical significance is represented as **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; and ns, 

no significance. Abbreviations: IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl 

pyrophosphate; 4HB, 4-hydroxybenzoic acid; HHB, 3-hexaprenyl-4-hydroxybenzoic acid; 

HHAB, 3-hexaprenyl-4-amino-5-hydroxybenzoic acid; DHHB, 4,5-dihydroxy-3-hexylbenzoic 

acid; HMHB, 4-hydroxy-5-methoxy-3-hexaprenylbenzoic acid; DDMQ6H2; 2-methoxy-6-

hexaprenyl-1,4-benzohydroquinone; DMeQ6H2, 3-methyl-6-methoxy-2-hexaprenyl-1,4,5-

benzenetriol. 
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Figure 6. Deletion of COQ11 downregulates cellular respiration. A, Fold changes in transcript 

abundances (log2(coq11Δ/WT), n = 3) versus statistical significance (–log10(p-value)) as 

quantified by RNA sequencing. Horizontal red line indicates significant p-value boundary and 

red dots indicate transcripts with absolute z-scores > 3. B, GO analysis of 174 downregulated 

genes in coq11Δ compared with WT. C, GO analysis of 113 upregulated genes in coq11Δ 

compared with WT. For gene ontology analyses, only genes with > 2-fold up- or downregulation 

were selected. 
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Figure S1. Deletion of COQ11 rescues respiratory growth in select ERMESΔ mutants. Spot-

dilution assays were performed as described for Fig. 1. A, The respiratory phenotype of the 

mdm10Δ mutant is robustly rescued by the deletion of COQ11. B, The inability to rescue the 

mdm34Δ mutant is conserved in the BY47471 genetic background. Images are representative of 

at least three biological replicates. 
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Figure S2. Tagged strains are functional and reproduce respiratory growth phenotype. 

Spot-dilution assays were performed as described for Fig. 1. Normal growth on respiratory 

medium from the WT strain expressing Coq9-GFP and Aco2-mCherry indicates the 

endogenously tagged proteins retain function. Images are representative of at least three 

biological replicates. 
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Figure S3. In strains lacking MMM1, mitochondria possess fewer CoQ domains. Using the 

fraction of cells that contained CoQ domains (Fig. 4 in the main text), the number of puncta per 

mitochondrion were detected using neural networks and plotted as a percentage of total 

mitochondria with CoQ domains. 
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Chapter 4 

 

Expression of an ER-mitochondrial artificial tether enhances the content of coenzyme Q  
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ABSTRACT 

Early observations of close membrane apposition between separate organelles have suggested 

that organelles are not discrete entities, despite the well-known evolutionary advancement that is 

compartmentalization within eukaryotic cells. Indeed, organelles must engage in communication 

or crosstalk with one another to maintain homeostasis, enabled through proteinaceous membrane 

contact sites, or molecular tethers. Since the discovery of these tethers, membrane contact sites 

have been shown to serve as signaling platforms that can modulate cellular processes, such as 

lipid transport or metabolite exchange. Given the previous work that shows ER-mitochondrial 

contact sites coordinate coenzyme Q (CoQ) biosynthesis, we utilize an artificial tether in S. 

cerevisiae strains that contain the endogenous ER-mitochondria encounter structure (ERMES), 

the primary ER-mitochondrial tether in yeast, as well as yeast that lack ERMES via a deletion of 

MDM34 to investigate the effect of tethers on CoQ biosynthesis. Overall, this work illuminates 

potential roles for general tethers in modulating lipid homeostasis, and further highlights a direct 

role of ERMES in modulating CoQ synthesis and distribution.  
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INTRODUCTION 

 The evolution of eukaryotic cells required the compartmentalization of functions into 

discrete organelles. The separation of cellular functions streamlined the efficiency of 

biochemical processes through the creation of chemical microenvironments tailored to such 

processes; for example, the acidic environment of lysosomes can help facilitate the degradation 

of biomolecules. However, the evolution of compartmentalization consequently created the need 

for organellular crosstalk, so that the designated compartments can communicate and together 

maintain cellular homeostasis. Some of the earliest evidence of interorganelle communication 

was observed using electron microscopy of rat liver cells, in which researchers noted the close 

apposition between mitochondria and endoplasmic reticulum (ER) membranes (1). The physical 

interaction between organelles was later discovered when yeast vacuolar protein Vac8 was 

shown to complex with the nuclear protein Nvj1, forming a physical nucleus-vacuole junction 

(NVJ) (2). These physical points of interaction were first identified as “novel interorganelle 

junction apparatuses,” (2) which are now referred to as membrane contact sites or molecular 

tethers (3). 

More recent research efforts have identified several membrane contact sites across 

various organelle pairs (4); the abundance of tethers illuminates the physiological relevance of 

membrane contact sites in health and onset of disease (5–7). The most commonly used tool to 

identify membrane contact sites is the use of artificial tethers composed of fluorophores to 

visualize the physical link between organelles (3, 8–10). Saccharomyces cerevisiae (yeast) are a 

powerful model organism to study membrane contact sites, given the relative ease of genetic 

manipulation compared to other organisms. Using these tools, the functions of specific protein 

tethers have been very well characterized, which includes the elucidation of their roles in lipid 
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transport, metabolite exchange, and modulating organelle dynamics (7, 11). 

Within the realm of membrane contact sites, ER-mitochondrial contact sites have been 

extensively studied, and the most commonly known tether in yeast is the ER-mitochondria 

encounter structure (ERMES). ERMES was discovered using a synthetic biology screen that 

sought to explore a potential role for ER-mitochondrial contacts in respiration (8). The artificial 

tether in this work, the Construct helping in Mitochondrial ER Association (ChiMERA), was 

designed after a similar chimeric construct that was used to elucidate the role of ER-

mitochondrial contacts in rat liver cells (9). The ChiMERA is comprised of a central GFP moiety 

flanked by the N-terminal mitochondrial targeting sequence and transmembrane domain from 

Tom70 and the C-terminal ER anchoring sequence from Ubc6, and was the first example of an 

artificial tether in yeast (8). The ChiMERA is considered a “static” artificial tether (3), in which 

the GFP moiety with this localization sequences create a fixed point of apposition between 

membranes. Further development of fluorescence-based tools led to the creation of reporters that 

better represent the dynamics of organelle interactions (12), such as the Split-Venus reporter. 

The Split-Venus reporter is designed such that the C-terminal half of the Venus fluorophore is 

conjugated to a protein on a candidate organelle, and the N-terminal half is conjugated to the 

proposed interacting organelle (4, 12). The ER-mitochondrial version, Split-MAM 

(Mitochondrial Associated Membrane; illustrated in Fig. 1), was shown to reinstate the ER and 

mitochondrial membrane apposition in the mmm1Δ and mdm34Δ mutants, demonstrating that the 

Split-MAM can be used to compensate for the loss of the ERMES tether (4). 

In yeast, ER-mitochondrial membrane contact sites, and specifically ERMES, has been 

shown to modulate the efficiency of coenzyme Q (ubiquinone or CoQ6) biosynthesis (13, 14). 

CoQ is an essential redox active lipid that is synthesized exclusively within the mitochondrial 
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matrix, yet present in all cellular membranes (15); the detailed mechanism of its distribution is 

presently unknown, but it is speculated that ERMES can serve as a platform or conduit to 

facilitate in CoQ transport out of the mitochondria. In this work, we sought to evaluate the role 

of molecular tethers in CoQ biosynthesis using the Split-MAM construct. Our results suggest 

that ER-mitochondrial tethers may influence the turnover and distribution of CoQ, and 

potentially other lipid molecules, highlighting the role of membrane contact sites in regulating 

lipid homeostasis. 

 

EXPERIMENTAL PROCEDURES 

Yeast strains and growth medium 

Saccharomyces cerevisiae strains used in this study are listed in Table 1. Yeast strains 

were derived from BY4741 (16). Growth media included YPG (1% yeast extract, 2% peptone, 

3% glycerol) and YPD (1% yeast extract, 2% peptone, 2% glucose). Plate medium contained 2% 

bacto-agar. Strains expressing the Split-MAM artificial tether were constructed by crossing yeast 

strains harboring the desired mutations and/or chromosomally integrated tethering constructs, 

followed by a series of plating on selection medium to obtain the final strains of interest (4, 17). 

We thank Dr. Maya Schuldiner from the Weizmann Institute for gifting us the strains containing 

the Split-MAM reporter. 

 

Drop dilution plate assays 

Yeast cultures of BY4741 wild type and mdm34Δ with and without the Split-MAM tether 

were grown overnight in 5 mL of YPG to ensure mitochondrial DNA retention. The following 

day, cultures were back-diluted in 15 mL of fresh YPG and expanded to a final A600 ~ 1.0. Cells 
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were harvested by centrifugation, washed with sterile water, and diluted in phosphate-buffered 

saline (PBS) to an A600 = 0.2. 2 µL of 5-fold serial dilutions were spotted on YPD and YPG 

plates, corresponding to a final A600 = 0.2, 0.04, 0.008, 0.0016, and 0.00032. All plates were 

incubated at 30 °C for 2-3 days. 

 

Analysis of CoQ6 and CoQ6-intermediates and stable isotope labeling 

Yeast cultures were grown overnight in 25 mL of YPG at 30 °C with shaking. The 

following day, cultures were back-diluted to an A600 ~ 0.1 in fresh medium and further cultured 

to mid-log phase (A600 ~ 0.6). To evaluate de novo biosynthesis, cultures were treated with 8 

µg/mL of 13C ring-labeled para-aminobenzoic acid (13C6-pABA) for 5 hours or ethanol as a 

vehicle control. Labeled pABA was obtained from Sigma-Aldrich. Following treatment, cultures 

were harvested by centrifugation and cell pellets were stored in –20 °C until use.  

To prepare lipid extracts, cell pellets were resuspended in PBS, and 100 µL of the cell 

suspension were lysed by vortexing with glass beads in 2 mL of methanol. The same amount of 

internal standard CoQ4 (Sigma-Aldrich) was added to each sample, and lipids were extracted 

with the addition of 2 mL of petroleum ether twice. A standard curve comprised of known 

amounts of CoQ6 (Avanti Polar Lipids) and the CoQ4 internal standard was also extracted as 

described. Extracts were dried with N2 and stored at –20 °C. 

Lipid content was analyzed by LC-MS/MS as previously described (18). Lipids were 

reconstituted in 200 µL of 0.5 mg/mL benzoquinone in ethanol. 20 µL of each sample was 

injected into an API4000 linear MS/MS spectrometer (Applied Biosystems). The instrument’s 

corresponding analysis software, Analyst version 1.4.2, was used for data acquisition and 

processing. CoQ6 content was determined by normalizing the corresponding peak area to the 
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standard curve, followed by correcting for the total amount of cells extracted, as represented by 

A600. Relative levels of CoQ6-intermediates are represented as peak areas also normalized to A600. 

A one-way ANOVA with Dunnett’s multiple comparisons test was performed using GraphPad 

Prism 10. 

 

RESULTS  

Respiratory growth is unchanged in yeast strains expressing Split-MAM artificial tether 

 Using wild-type and mdm34Δ cells, we first evaluated the ability to grow on 

nonfermentable medium, YPGlycerol (YPG), with and without the expression of the Split-MAM 

reporter. It is of note that the mdm34Δ mutant in the BY4741 background does not exhibit a 

dramatic respiratory growth defect (Fig. 2), but it was still of interest to determine if the addition 

of the artificial tether can bolster respiratory growth. The result of this plate viability assay show 

no differences in growth when the artificial tether is expressed (Fig. 2), however given only a 

small percentage of CoQ6 is required to observed growth on respiratory medium (19), the growth 

phenotype may not be representative of CoQ6 biosynthetic efficiency. 

 

CoQ6 content is altered in strains expressing Split-MAM 

 To assess the efficiency of CoQ6 synthesis, we treated yeast cultures with isotopically 

labeled ring precursor, 13C6-pABA, or ethanol as vehicle control. It has been previously reported 

that ERMESΔ mutants, including the mdm34Δ mutant, contain significantly increased content of 

CoQ6 (13). However, in our analyses, we observe that the content of CoQ6 is similar to that of 

the wild-type control (Fig. 3A). We attribute this difference in reproducibility to genetic 

background, as the former study was performed in W303 yeast, whereas our strains in this work 
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are in the BY4741 background. 

 In the 12C-CoQ6 analysis of the ethanol vehicle control group, which represents the steady 

state CoQ6 content, we observe significantly elevated CoQ6 levels in the strains with Split-MAM 

compared to without (Fig. 3A). This suggested to us that possibly the imposition of the artificial 

tether may be positively regulating CoQ6 biosynthesis, such that the addition of the tether would 

promote de novo biosynthesis, even in WT. Interestingly, de novo 13C6-CoQ6 content remained 

unchanged regardless of the presence of the artificial tether (Fig. 3B), indicating that the tether 

does not enhance the de novo production of the final lipid molecule. Upon evaluating total CoQ6 

content, determined by the sum of unlabeled and labeled CoQ6, we show that the accumulation 

of CoQ6 is not due to the increase in de novo biosynthesis, but rather the content of unlabeled, or 

“pre-existing,” CoQ6 (Fig. 3C) Despite not observing any difference in de novo 13C6-CoQ6 

content, the mdm34Δ mutant expressing Split-MAM exhibits augmented content of the early 

intermediate hexaprenyl-aminobenzoic acid (13C6-HAB) (Fig. 4A), and the late-stage 

intermediate demethoxy-Q6 (13C6-DMQ6) (Fig. 4B). This contrasts with the wild-type control, 

which does not contain elevated content of these intermediates with the additional tether (Fig. 4). 

 

DISCUSSION 

 This work utilized a chromosomally integrated ER-mitochondrial contact site reporter, 

Split-MAM (Fig. 1), to evaluate the effects of tethers on CoQ6 biosynthesis. We show that 

respiratory growth is not affected upon expression of the artificial tether (Fig. 2), even with the 

increased abundance of total CoQ6 in strains expressing Split-MAM (Fig. 3). De novo Q6 

biosynthesis appears to be impaired in the mdm34Δ strain with the artificial tether, as determined 

via the accumulation of CoQ6 intermediates, which is not observed in the wild-type control (Fig. 
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4). 

The accumulation of intermediates despite unchanged amount of final product would 

suggest that the biosynthetic flux may be impaired with the addition of the tether. However, this 

model is not entirely sound as the wild-type control with the tether does not accumulate these 

intermediates (Fig. 4). It is possible that because WT still possesses the endogenous contact site, 

ERMES, that the addition of the Split-MAM tether is redundant and therefore does not provide 

additional function in concert with ERMES. This is mostly observed in de novo synthesis, as 

13C6-HAB, 13C6-DMQ6, and 13C6-CoQ6 are all unchanged in the WT irrespective of the 

expression of the Split-MAM tether (Fig. 3 & Fig. 4). However, in the absence of Mdm34 and 

ERMES, the catalytic efficiency of 13C6-CoQ6 biosynthesis is impaired, leading to the 

accumulation of both early- and late-stage biosynthetic 13C6-labeled CoQ6 intermediates (Fig. 4). 

This suggests that ERMES plays a more direct role in CoQ metabolon assembly, which has been 

reported to require proper assembly for appropriate substrate channeling and subsequent efficient 

lipid synthesis (20). This model is consistent with previous work that demonstrated that ERMES 

is required for the visualization of the CoQ synthome via biochemical analyses (13, 21). 

On the other hand, the accumulation of unlabeled CoQ6 in both the wild type and 

mdm34Δ mutant expressing the Split-MAM tether suggests that there is decreased turnover of 

“pre-existing” CoQ6 (Fig. 3). We posit that the physical tether may alter the distribution of CoQ6, 

which could modulate its stability. The architecture of ERMES is shown to possess a 

hydrophobic channel formed by the synaptotagmin-like mitochondrial lipid binding protein 

(SMP) domains of Mmm1, Mdm12, and Mdm34 (22, 23). The alignment of these domains 

poises ERMES, in tandem with the observed colocalization between ERMES and the CoQ 

metabolon (13), to be an excellent candidate to facilitate the trafficking of CoQ6 out of the 
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mitochondria to the ER and to subsequent membranes, as ER membranes have been shown to 

form intricate networks with all other organelles as well (24). In the mdm34Δ mutants expressing 

Split-MAM, it is possible that without the lipid channel formed by ERMES, CoQ6 is less able to 

be exported out of the mitochondria, and hence less susceptible to degradation, leading to 

elevated unlabeled (12C-CoQ6) content (Fig. 3).  

This model becomes more complicated in the wild-type cells expressing Split-MAM, as 

the endogenous tether and putative export channel are still retained. Membrane contact sites in 

general are thought to be signaling platforms capable of recruiting proteins or metabolites 

depending on the need of the cell. Considering this, it is possible that the imposition of Split-

MAM tether in addition to the endogenous ERMES tether introduces a degree of disorganization, 

resulting in decreased efficiency of CoQ6 trafficking out of the mitochondria. The presence of 

ERMES would still provide a platform for efficient CoQ6 synthesis and trafficking, yet the 

expression of the Split-MAM tethers imposes additional contact sites that lack a conduit for 

transporting CoQ6 out of the mitochondria. This would indicate that while the membrane 

apposition between organelles is important, the presence of a molecular tether that is functional 

is required for the maintenance of cellular functions. 
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Table 1. Yeast strains used in study 

Strain Genotype Source 

BY4741 MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (16) 

BY4741 mdm34Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

mdm34::KanMX4 

(25) 

BY4741 + Split-MAM MAT α his3Δ1 leu2Δ0 lys2+/lys+ met15Δ0 ura3Δ0 

can1Δ::STE2pr-sp HIS5 lyp1Δ::STE3pr-LEU2; 

Tom20-VC-His; Sec63-VN-Kan 

(4) 

BY4741 mdm34Δ + 

Split-MAM 

MAT α his3Δ1 leu2Δ0 lys2+/lys+ met15Δ0 ura3Δ0 

can1Δ::STE2pr-sp HIS5 lyp1Δ::STE3pr-LEU2; 

Tom20-VC-His; Sec63-VN-Kan; Δmdm34::Nat 

(4) 

BY4741 coq2Δ MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

coq2::KanMX4 

(25) 
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FIGURES 

       

Figure 1. Schematic of artificial tether reporter. Split-Venus reporter was designed having the 

C-terminal (VC) and N-terminal (VN) halves of the Venus fluorophore each conjugated to a 

membrane protein on separate organelles proposed to form a contact site. The left panel shows 

the general scheme; organelles that do not have the natural tendency to form a contact site will 

not come into proximity for the two halves to rejoin and fluoresce. The right panel illustrates the 

Split-MAM reporter, comprised of the outer mitochondrial membrane protein, Tom20, with the 

N-terminal half of Venus and the C-terminal half conjugated to the ER protein, Sec63. Formation 

of the tether is permitted when the organelles come into close contact, allowing the two Venus 

halves to recombine and fluoresce. Figure based on Shai et al. (4) 
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Figure 2. Growth on respiratory medium is unaltered in strains expressing Split-MAM 

compared to strains without the artificial tether. Drop dilution assay was performed as 

described in Experimental Procedures. The coq2Δ strain was included as a negative control, as it 

is unable to grow on the nonfermentable medium, YPGlycerol (YPG). Images are representative 

of three biological replicates. 

  

BY4741

BY4741 + Split-MAM

mdm34Δ

mdm34Δ + Split MAM

coq2Δ

YPD, 3 days YPG, 3 days
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Figure 3. CoQ6 content is augmented with the expression of Split-MAM, but de novo CoQ6 

content remains unchanged. Triplicate cultures of the indicated strains were grown in YPG and 

treated with either 13C6-pABA or ethanol vehicle control. A, Unlabeled 12C-CoQ6 and B, labeled 

13C6-CoQ6 were measured from whole cell lipid extracts. C, Total CoQ6 was determined by 
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taking the sum of 12C-CoQ6 and 13C6-CoQ6. Data show mean ± SD of three biological replicates, 

where each data point is the average of three technical lipid extractions. Statistical significance is 

represented by *, p < 0.05; ***, p < 0.001; ****, p <0.0001; or ns, no significance. 
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Figure 4. De novo synthesized intermediates are elevated in mdm34Δ mutant with Split-

MAM. Triplicate cultures of the indicated strains were grown in YPG and treated with either 

13C6-pABA or ethanol vehicle control. Relative analyte levels are represented as peak area 

normalized to A600. Intermediate levels of 13C-ring labeled A, hexaprenyl-aminobenzoic acid 

(HAB) and B, demethoxy-Q6 (DMQ6, right) are only elevated in the mdm34Δ strain expressing 

Split-MAM relative to without the tether. Data show mean ± SD of three biological replicates, 

where each data point is the average of three technical lipid extractions. Statistical significance is 

represented by *, p < 0.05; **, p < 0.01; or ns, no significance. 
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This work explored the relationship between CoQ biosynthesis and membrane contact 

sites. ER-mitochondrial membrane contact sites, specifically those mediated by the ER-

mitochondria encounter structure (ERMES), are able to modulate the assembly of the CoQ 

synthome, which can be represented by CoQ domains (1, 2). The spatial relationship between 

ERMES and the CoQ synthome was proposed to be coordinated by the Coq10 polypeptide, as 

deletion of COQ10 results in reduced colocalization between the foci representative of each 

complex (1). Coq10 is not an essential polypeptide for CoQ synthesis, as coq10Δ yeast still 

produce CoQ, but in significantly reduced amounts compared to the wild type (3, 4). Instead, 

Coq10 is proposed to serve as a CoQ chaperone, enabled through its steroidogenic acute 

regulatory protein-related lipid transfer (START) domain that is capable of binding CoQ and 

CoQ-intermediates (5, 6). The COQ10 open reading frame is positioned adjacent to the MDM12 

gene, which encodes the cytosolic subunit of ERMES, and the COQ10 and MDM12 genes are 

co-expressed via a shared bidirectional promoter (5, 7, 8). This arrangement within the yeast 

genome suggests a functional relationship between the respective gene products. In Chapter 2, 

we discover that deletion of COQ10 impacts the expression of MDM12, as yeast lacking Coq10 

contain severely attenuated Mdm12 protein levels. Using CRISPR-generated coq10 point 

mutants, we separate the phenotypes resulting from the loss of Coq10 from those associated with 

ERMES disruption by impairing Coq10 and preserving ERMES protein content. We show that 

the CoQ biosynthetic defects previously observed in the coq10Δ deletion mutant are a 

consequence of ERMES dysfunction, as the CRISPR-engineered coq10 point mutants retain the 

ability to synthesize CoQ and form a stable CoQ synthome. Rather, Coq10 uses its START 

domain to solely facilitate respiration, as both CRISPR-engineered coq10 point mutants are 

unable to grow on nonfermentable medium. While this work clarified the role of Coq10, it 
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illuminated a more direct relationship between ERMES and CoQ synthesis, as the preservation 

of ERMES in the coq10 point mutants maintained efficient CoQ biosynthesis and CoQ synthome 

assembly. 

Previous work has demonstrated that coq10Δ deletion mutant phenotypes, including 

those attributed to loss of ERMES, can be mitigated by the deletion of the COQ11 open reading 

frame (9) (Appendix I). The Coq11 polypeptide is also a nonessential Coq protein, as deletion of 

COQ11 results in lowered CoQ content, however the coq11Δ deletion mutant maintains the 

ability to grow on respiratory medium (9, 10). The coq11Δ mutant possesses an enhanced CoQ 

synthome, which can be observed biochemically using two-dimensional Blue Native/SDS-PAGE 

(2D BN/SDS-PAGE) or via imaging analysis using a GFP-tagged Coq9 polypeptide as an 

indicator of CoQ domains (2, 9). From these analyses, the function of Coq11 is proposed to be a 

negative modulator of CoQ synthome assembly. We rationalized that if the deletion of COQ11 

rescues defects of the coq10Δ mutant, phenotypes that we now know are due to ERMES 

dysfunction (11), that the coq11 mutation may also correct ERMESΔ defects (Chapter 3). Indeed, 

we show that the mmm1Δcoq11Δ double mutant regains the ability to grow on respiratory 

medium compared to the mmm1Δ mutant. Using 2D BN/SDS-PAGE and fluorescence 

microscopy, we show that the CoQ synthome and representative CoQ domains are also restored 

in the mmm1Δcoq11Δ mutant, but this enhanced assembly of the CoQ metabolon does not result 

in more efficient CoQ synthesis. Our results suggest that while the presence of ERMES is 

necessary for proper CoQ synthome stability, the reliance on ERMES for complex formation can 

be compensated by deletion of COQ11. Overall, this work further reinforced the notion that 

Coq11 modulates assembly of the CoQ synthome and is required for efficient CoQ biosynthesis, 

and identified the deletion of COQ11 as a novel suppressor of ERMES defects. 
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The CoQ synthome resides exclusively in the mitochondrial matrix, and ERMES tethers 

the outer mitochondrial membrane to the ER. This arrangement prompts the question: how is 

CoQ trafficked across the intermembrane space (IMS)? Recently, two IMS-localized proteins 

have been implicated in facilitating the mobilization of CoQ from the mitochondrial matrix to 

non-mitochondrial membranes (12). These proteins, named CoQ distribution proteins 1 and 2 

(Cqd1 and Cqd2), are homologs to the Coq8 polypeptide, and reciprocally regulate the 

distribution of CoQ in and out of the mitochondria. Specifically, deletion of CQD1 results in 

excess export of CoQ out of the mitochondrial membranes, as determined by lipid analyses of 

subcellular fractions, and deletion of CQD2 results in insufficient CoQ export out of the 

mitochondria, as indicated by sensitivity to lipid peroxidation via treatment with exogenous 

polyunsaturated fatty acids (12). It is of note that the Cqd proteins are peripherally associated to 

the inner mitochondrial membrane facing the IMS (12), so their mode of mobilizing CoQ would 

still require a mechanism to bring the inner and outer mitochondrial membranes in close 

proximity, or additional partner proteins may be required for this putative transport pathway. 

Interestingly, co-deletion of CQD1 and CQD2 resulted in normal intracellular CoQ distribution, 

indicating that there are redundant IMS-localized CoQ trafficking proteins that have yet to be 

identified. 

Prior to being named Cqd2, the YLR253W gene product was named Mcp2, (Mdm10 

complementing protein 2) (13). Overexpression of MCP1 and MCP2 resulted in altered 

phospholipid content in the mdm10Δ mutant, which may contribute to the rescued growth on 

nonfermentable medium (13). The Mcp1 protein, an integral outer mitochondrial membrane 

protein, colocalizes with Vps13, a protein that is commonly known to develop mutations that 

suppress ERMES mutant defects (14), which together recruit the vacuole and mitochondria patch 
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(vCLAMP) that tethers mitochondria to the vacuole. Overexpression of vCLAMP has been 

shown to cause the mitochondrial cristae organizing system (MICOS) to migrate from ERMES 

contact sites to vacuolar-mitochondrial contact sites (15), which is likely how MCP1 

overexpression compensates ERMES mutant defects. On the other hand, it remains unclear how 

lipid homeostasis modulated by Mcp2 was able to rescue mdm10Δ defects, as it resides in the 

IMS. Tan et al. note that they were unable to detect any physical interaction between Mcp2 and 

ERMES components using various pull-down assays, so they instead propose that Mcp2 may 

provide an alternate pathway for lipid flow that does not require ERMES (13). The CoQ domains 

were also found to colocalize with contact sites marked by a redundant ER-mitochondrial contact 

site, Ltc1 (lipid transfer at contact site 1), which could suggest that the coordination of CoQ 

synthome assembly is not specific to ERMES, but rather any membrane contact site (2). 

Additionally, the deletion of both MDM34 and LTC1 is synthetic lethal, indicating they likely 

fulfill similar roles and can compensate for the other when one is deleted (16). In this model, 

Ltc1 could serve as an auxiliary pathway for lipid transport, as in vitro lipid transfer assays using 

liposomes have demonstrated Ltc1 is capable of binding and transporting lipids, but 

preferentially sterols (16). Together, it is imperative to continue the pursuit of elucidating CoQ 

transport mechanisms, via the IMS-localized Cqd proteins, unidentified IMS trafficking proteins, 

or auxiliary mitochondrial membrane contact sites in general. 

Akin to the deletion of COQ11, the overexpression of COQ8 and its human homologs 

has also been shown to rescue CoQ synthome assembly and boost CoQ synthesis (17, 18). Given 

the homology with Cqd1 and Cqd2, and the ability for CQD2 overexpression to complement 

mdm10Δ mutants (13), it may also be interesting to investigate if overexpression of COQ8 can 

ameliorate ERMES mutant phenotypes. The ATPase activity required for Coq8 function is 
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stimulated by the presence of cardiolipin (19), and in an in vitro reconstitution of the CoQ 

metabolon, COQ8 is able to streamline CoQ biosynthesis in the presence of all other COQ 

metabolon members (20). These data suggest that Coq8 may promote CoQ synthome assembly 

and subsequent CoQ synthesis at sites enriched with cardiolipin. The enrichment of cardiolipin 

modulates membrane curvature (21), which could result in more membrane apposition of the 

inner and outer mitochondrial membranes. In this model, it may not be required to have a soluble 

lipid transporter to traverse the IMS as a direct pathway from the CoQ synthome to ERMES, 

which could be a feasible mechanism of rescue mediated by COQ8 overexpression. It has been 

noted by Bradley et al. that rescue mediated by COQ8 overexpression requires the presence of 

Coq11, as overexpression of COQ8 was able to rescue the respiratory growth defect and 

markedly improve CoQ biosynthesis in the coq10Δ deletion mutant, yet was not able to bolster 

CoQ biosynthesis in either the coq11Δ or the coq10Δcoq11Δ mutants (9). Considering the 

phenotypes observed in the coq10Δ mutant are a result of ERMES dysfunction, we speculate that 

overexpression of COQ8 could likely rescue ERMES mutant phenotypes, although via a different 

mechanism than the rescue mediated by COQ11 deletion. 

In Chapter 4, we explore the broad concept of molecular tethers and evaluate the effect 

on CoQ biosynthesis when an artificial tether is expressed. Our results suggest that contact sites 

may dictate the fate of CoQ, as the imposition of the Split-MAM artificial tether retains “pre-

existing” CoQ that may accumulate due to the inability to be exported out of the mitochondria 

and subsequently degraded. The expression of the Split-MAM tether also does not enhance CoQ 

biosynthesis, even when expressed in mdm34Δ yeast, which has altered efficiency of CoQ 

synthesis compared to the wild type. In wild-type yeast, we suspect that the expression of the 

Split-MAM tether does not produce an additive effect with ERMES present, as ERMES is 
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considered the principal ER-mitochondrial tether in yeast (22). Considering efficient CoQ 

biosynthesis seems to rely specifically on the presence of ERMES (1, 11), it is likely that having 

the Split-MAM tether is negligible when ERMES is still intact. This model would also make 

sense for the mdm34Δ mutant expressing the Split-MAM tether, as the inefficiency of CoQ 

biosynthesis is further exacerbated in this strain, supporting the notion that Mdm34 and ERMES 

specifically have a direct role in CoQ biosynthesis, one that cannot be compensated by provision 

of an artificial tether. Overall, this chapter illuminates the power of synthetic biology tools in 

studying cellular processes, and highlights that in addition to the physical tethering function, 

membrane contact sites have dynamic roles to maintain cellular homeostasis. 

While the arsenal of tools to study membrane contact sites that currently exist are largely 

imaging-based, it would be interesting to engineer artificial tethers that possess functions in 

addition to tethering. In other words, the existing artificial tethers, such as the ChiMERA (22) or 

Split-Venus reporters (23), solely fulfill the function of physical tethering, however several 

studies have demonstrated that membrane contact sites are far more dynamic (24–27). One may 

argue that the dynamic functions of membrane contact sites are more important than the ability 

to serve as a bridge between organelles, which we have alluded in Chapter 4 using the Split-

MAM tether that was unable to rescue CoQ biosynthetic defects in the mdm34Δ mutant. With 

protein structure repositories and the emerging technology used for structural prediction tools, 

there is vast knowledge of how proteins function and how we can engineer proteins to possess 

certain functions, which may be implemented in future designs of artificial tethers. These more 

dynamic artificial tethers could help us better understand the specific functions of tethering 

complexes, which in turn can reveal more insight in how organelles communicate with one 

another. 
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Coenzyme Q (Qn) is a vital lipid component of the electron
transport chain that functions in cellular energy metabolism
and as a membrane antioxidant. In the yeast Saccharomyces
cerevisiae, coq1–coq9 deletion mutants are respiratory-incom-
petent, sensitive to lipid peroxidation stress, and unable to syn-
thesize Q6. The yeast coq10 deletion mutant is also respiratory-
deficient and sensitive to lipid peroxidation, yet it continues to
produce Q6 at an impaired rate. Thus, Coq10 is required for the
function of Q6 in respiration and as an antioxidant and is
believed to chaperone Q6 from its site of synthesis to the
respiratory complexes. In several fungi, Coq10 is encoded as a
fusion polypeptide with Coq11, a recently identified protein
of unknown function required for efficient Q6 biosynthesis.
Because “fused” proteins are often involved in similar biochem-
ical pathways, here we examined the putative functional rela-
tionship between Coq10 and Coq11 in yeast. We used plate
growth and Seahorse assays and LC-MS/MS analysis to show
that COQ11 deletion rescues respiratory deficiency, sensitivity
to lipid peroxidation, and decreased Q6 biosynthesis of the
coq10! mutant. Additionally, immunoblotting indicated that
yeast coq11!mutants accumulate increased amounts of certain
Coq polypeptides and display a stabilizedCoQ synthome. These
effects suggest that Coq11 modulates Q6 biosynthesis and
that its absence increases mitochondrial Q6 content in the
coq10!coq11! double mutant. This augmented mitochondrial
Q6 content counteracts the respiratory deficiency and lipid per-
oxidation sensitivity phenotypes of the coq10! mutant. This

study further clarifies the intricate connection between Q6 bio-
synthesis, trafficking, and function inmitochondrial metabolism.

CoenzymeQ (ubiquinone orQ)2 is a benzoquinone lipid that
functions as an essential electron carrier within the electron
transport chain (1). Because of its redox activities, Q is a versa-
tile electron acceptor in biological pathways such as cellular
respiration, oxidation of proline and sulfide, fatty acid !-oxida-
tion, and pyrimidine biosynthesis (1–3). The reduced hydro-
quinone form of Q (ubiquinol or QH2) also serves as an impor-
tant chain-breaking antioxidant shown to alleviate lipid
peroxidative damage in cellular membranes (4).
For proper functional localization, Q relies on its polyiso-

prenoid tail to remain anchored at the mid-plane of phospho-
lipid bilayers. The number of isoprene units (n) that comprise
the polyisoprenoid tail of Qn depends on a species-specific
polyprenyl diphosphate synthase (5), with Q10 representing the
major isoform in humans (6). Patients unable to produce
adequate levels ofQ10 display awide variety of health issues that
stem from mitochondrial dysfunction across tissues (7).
Attempts to ameliorate the consequences of primary Q10 defi-
ciency by early Q10 supplementation have been partially suc-
cessful in some cases (8); however, many patients fail to dem-
onstrate full recovery, which is related to inefficient uptake of
orally-supplied Q10. Because of the striking homology between
humanCOQ genes and those of Saccharomyces cerevisiae (7, 9),
studies of Q6 biosynthesis in S. cerevisiae may provide insight
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into humanQ10 biosynthesis, leading to the discovery of poten-
tial therapeutic targets.
In S. cerevisiae, at least 14 nuclear-encoded mitochondrial

proteins (Coq1–Coq11, Yah1, Arh1, and Hfd1) drive Q6 bio-
synthesis (7, 9). Many Coq polypeptides (Coq3–Coq9, and
Coq11) are localized to the matrix side of the mitochondrial
inner membrane, where they organize into a high-molecular-
weight multisubunit complex known as the “CoQ synthome”
(7, 9). Several lines of evidence suggest that correct assembly of
the CoQ synthome is necessary for efficient Q6 biosynthesis
(9–12). In fact, deletion of certain COQ genes results in
decreased levels of other Coq polypeptides and contributes to a
destabilized CoQ synthome in thesemutants (12, 13). Recently,
a protein of unknown function encoded by the ORF YLR290C
was identified to associate with the CoQ synthome, via pro-
teomic analysis of tandem affinity-purified taggedCoq proteins
(14). YLR290C copurified with Coq5, Coq7, and Coq9, in addi-
tion to Q6 and late-stage Q6-intermediates (14). Furthermore,
the ylr290c!mutant exhibited impaired de novoQ6 biosynthe-
sis, despite preserving growth on a nonfermentable carbon
source (14). Given its effects on Q6 biosynthesis and involve-
ment with the CoQ synthome, YLR290C was renamed Coq11
(14).
In several fungi, Coq11 and Coq10 have evolved as fusion

proteins (14), suggesting thatCoq11mayhave a functional rela-
tionship with Coq10 (15). High-throughput genetic analyses
found COQ11 to correlate with both COQ2 and COQ10 (16).
Whereas the coqmutants generally lackQ6, the coq10!mutant
is different because it produces near WT amounts of Q6 in
stationary phase and only has decreased de novoQ6 biosynthe-
sis in log phase (17, 18). Although Q6 biosynthesis is only min-
imally decreased in the absence of COQ10, the coq10!mutant
has decreased NADH and succinate oxidase activity and dis-
played sickly growth on respiratory medium (18). The coq10!
mutant is sensitive to lipid peroxidation initiated by exoge-
nously supplemented polyunsaturated fatty acids (PUFAs),
indicating that the Coq10 polypeptide is also required for anti-
oxidant protection by Q6 (17, 19).
TheNMR structure of a Coq10 ortholog inCaulobacter cres-

centus was shown to possess a steroidogenic acute regulatory
protein–related lipid transfer (START) domain (20) that can
directly bind Q and late-stage Q-intermediates (17). Purified
Coq10 from either S. cerevisiae or Schizosaccharomyces pombe
eluted with the respective species’ Q isoform (18, 21). This
observation has prompted speculation that Coq10 acts as a Q6
chaperone protein required for delivery ofQ6 from its synthesis
site to sites where Q6 functions as an antioxidant and to the
respiratory complexes, thereby bridging efficient de novo Q6
biosynthesis with respiration (17). Recent studies have shown a
spatial compartmentalization of themitochondrial innermem-
brane with the identification of different sites, such as the inner
boundary membrane, the cristae membrane, and the ER-mito-
chondrial contact sites (22–25). Thus, for optimal respiratory
competence, newly-synthesized Q6 must move from its site of
synthesis (i.e. the ER-mitochondrial contact sites (23, 24)) to the
cristaemembranewhere the respiratory complexes are concen-
trated (22). The presence of Coq10–Coq11 fusions in fungal
species indicates that Coq11 may have a functional association

with the Coq10 chaperone to facilitate or regulate Q6 transport
for respiration in yeast.
In this work, the functional relationship between Coq10 and

Coq11 was investigated using a series of single- and double-
knockout mutants. Deletion of COQ11 alleviated the coq10!
respiratory defect, increased Coq polypeptides and CoQ syn-
thome stability, and partially rescued Q6 production. Based on
this evidence, we propose a novel function for Coq11 as a neg-
ative modulator of Q6 biosynthesis in the mitochondria.

Results

Coq10 and Coq11 reside in similar compartments within the
mitochondria

Previous phylogenetic analyses of numerous fungi revealed
that Coq11-like proteins are fused to Coq10 (14). Protein
fusions often indicate a functional relationship between corre-
sponding homologs in other organisms, such as direct protein–
protein interaction or operation within the same biological
pathway (15). Although Coq10 and Coq11 are not physically
fused in yeast (Fig. 1A), we sought to investigate whether there
is a functional link between the two proteins. Because protein
localization is often associated with function, we first per-
formedmitochondrial fractionation to localize both Coq10 and
Coq11. Coq10 has been localized previously (18), but fraction-
ation was re-performed here in the context of Coq11.
S. cerevisiae mitochondria were fractionated as described

under “Experimental procedures.” Purified mitochondria were
incubated in hypotonic buffer to disrupt the outer membrane
and release soluble components of the intermembrane space
(IMS). The inner membrane was kept intact following hypo-
tonic buffer treatment, protecting inner membrane and matrix
proteins. Analysis of the fractions via immunoblot suggested
that bothCoq10 andCoq11 remained associatedwith themito-
plast fraction as opposed to colocalizing with the IMS marker
cytochrome b2. Mitoplasts were further fractionated after son-
ication to separate soluble matrix components (supernatant, S)
from membrane components (pellet, P). The soluble matrix
marker Hsp60 was partially released into the supernatant by
sonication as demonstrated in earlier work (26). Although
Coq11 remained associated with the membrane fraction,
Coq10 was partially dissociated in a similar manner to Hsp60
(Fig. 1B). Previous Coq10 colocalization following sonication
demonstrated that Coq10 was solely associated with the mem-
brane fraction (18). The detection of Coq10 in the supernatant
shown in Fig. 1B may be due to increased sensitivity of the
polyclonal antisera used in this study.
Alternatively, mitoplasts were subjected to alkaline carbon-

ate extraction to separate peripheral membrane components
(supernatant, S) from integral membrane and matrix compo-
nents (pellet, P) (27). Coq10 and Coq11 were released into the
supernatant following alkaline treatment (Fig. 1B), matching
the peripheral inner membrane marker Atp2 (28). There was
no colocalization with the pellet fraction, marked by the inte-
gral membrane protein Cyt1 (29). These results indicate that
Coq10 and Coq11 are both peripheral inner membrane pro-
teins, and Coq10 has additional localization to the matrix. The
localization of Coq10 to the inner membrane is consistent with
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its putative role as a START domain protein possessing a
hydrophobic cavity to bind and chaperone Q6 from its site of
synthesis to complex III for respiration (17, 18). We hypothe-
size that dual mitochondrial matrix localization occurs when
Coq10 is tightly bound to protein partners to decrease its
hydrophobicity.
For better insight into the membrane association of Coq10

and Coq11, intact mitochondria or mitoplasts were treated
with proteinase K in the absence or presence of two individual
detergents (1% Triton X-100 or 0.5% SDS). Coq10 and Coq11
were both protected from protease treatment in purified mito-

chondria and mitoplasts, as was the matrix marker Hsp60 (Fig.
1C). When protease was used in the presence of either deter-
gent in mitochondria or mitoplasts, all proteins became sensi-
tive to the protease and were degraded. Expanding on the sub-
fractionation results, these data indicate that Coq10 and Coq11
polypeptides are peripherally associatedwith the innermembrane
facing the matrix side in yeast mitochondria, and Coq10 is also
found in the mitochondrial matrix itself. The mitochondrial
peripheral membrane association of these two proteins is also in
agreement with their submitochondrial localization previously
identified in a study of the yeast mitochondrial proteome (30).

Figure 1. Coq11 and Coq10 are peripherally associated with themitochondrial inner membrane facing thematrix, and Coq10 is additionally found
in the mitochondrial matrix. A, Coq10 and Coq11 are fused in multiple fungi, suggesting an evolutionarily functional relationship between these proteins,
although they are not found fused in S. cerevisiae. B, S. cerevisiae mitochondria purified from yeast strains cultured on YPGal medium were subjected to
hypotonic swelling and centrifugation to separate the IMS proteins from mitoplasts. The mitoplasts were alkaline-treated (Na2CO3; pH 11.5) or sonicated and
then separated by centrifugation (100,000! g for 1 h) into supernatant (S) or pellet (P) fractions. C, intact mitochondria or mitoplasts were treated with 100
!g/ml proteinase K for 30 min on ice, with or without detergent. Mitochondrial polypeptide markers are as follows: Atp2, peripheral inner membrane protein;
Cyb2, intermembrane space protein; Cyt1, integral inner membrane protein; and Hsp60, soluble matrix protein. Results are representative of two experiments.

Coq10 knockout phenotypes are rescued by deletion of COQ11

J. Biol. Chem. (2020) 295(18) 6023–6042 6025



  

 166 

coq10! respiratory defect is alleviated by deletion of COQ11

Based on similar mitochondria localization and genetic evo-
lutionary evidence, a putative functional relationship between
Coq10 and Coq11 was further probed using a series of
coq10 and coq11 single- and double-knockout mutants. Strain
descriptions are listed in Table 1. The Coq10 polypeptide is
required for respiration in yeast, and mutants lacking coq10
have poor growth on nonfermentable carbon sources, includ-
ing YPGlycerol, hereafter referred to as “YPG” (18). Unlike
deletion of COQ10, coq11! mutants are respiratory-capable
and have comparable growth toWTonnonfermentable carbon
sources (14). When COQ11 was deleted in a coq10!mutant in
two different yeast genetic backgrounds, the sickly growth of
coq10! on nonfermentable YPG was rescued (Fig. 2A).
Quantitative respiratory capacity of each mutant was evalu-

ated with an XF96 Extracellular Flux Analyzer (Fig. 2, B andC).
Representative and normalized traces of oxygen consumption
rates (OCR) of four independent experiments performed in
nonrepressive medium (YPGal) are shown in Fig. 2B. Basal
rates of OCR were measured prior to the addition of any small
molecule inhibitors. Consistent with its slow growth on non-
fermentable medium, the coq10! mutant had a low rate of
basal oxygen consumption compared with WT (p " 0.052)
(Fig. 2C). Basal OCR was rescued in the coq10!coq11! dou-
ble mutant (Fig. 2C). Following the addition of two sequen-
tial injections of FCCP, a mitochondrial oxidative phosphor-
ylation uncoupler, maximal respiration was also quantified.
The maximal respiration of coq10!coq11! was rescued to
that of WT (Fig. 2C). These results show that the deletion of
COQ11 in a coq10! mutant confers a beneficial effect, such
that both growth on respiratory medium and OCR are res-
cued to WT.

Deletion of COQ11 rescues PUFA sensitivity of the coq10!
mutant

PUFA autoxidation is initiated by the radical-mediated
abstraction of vulnerable hydrogen atoms at bis-allylic posi-

tions (31). The ensuing carbon-centered radical adds to molec-
ular oxygen to form a lipid peroxyl radical that propagates lipid
peroxidation, with the resulting lipid hydroperoxides ulti-
mately driving cellular toxicity (32). The coq10!mutant is sen-
sitive to treatment with exogenous PUFAs (Fig. 2D) (17, 19),
likely because the Q6 chaperone function of Coq10 is required
for the antioxidant function of Q6. Attenuated respiration in
coq10! is rescued in the coq10!coq11! double knockout (Fig.
2, A–C), presumably through regained function of Q6 in the
electron transport chain. To test whether the antioxidant capa-
bility of Q6 is also restored in the coq10!coq11!mutant, yeast
strains were evaluated for sensitivity to added PUFAs (Fig. 2D).
As anticipated, all strains were resistant to treatment with the
monounsaturated oleic acid (Fig. 2D). Q6-less coq9!was sensi-
tive to !-linolenic acid due to the lack of Q6 antioxidant pro-
tection (Fig. 2D). Conversely, the Q6-replete yet respiratory-
deficient cor1! remained resistant to !-linolenic acid (Fig. 2D).
Deletion of COQ11 rescued the !-linolenic acid sensitivity of
the coq10! mutant, suggesting that the double knockout has
restoredQ6antioxidantprotection (Fig. 2D) despite theabsenceof
Coq10 as a Q6 chaperone.

Independent coq10 revertant with rescued growth on
respiratorymedium harbors amutationwithin COQ11

Although the coq10! mutant is unable to grow robustly on
nonfermentable medium, an earlier study identified a sponta-
neous coq10 revertant (coq10rev) that arose when coq10! yeast
was cultured for several weeks on nonfermentable medium
containing ethanol and glycerol as carbon sources (18). Char-
acterization of this revertant revealed a suppressor mutation
within theCOQ11ORF, resulting in a truncated Coq11 protein
that is predicted to be nonfunctional (Fig. 3A). This mutation
was further assessed for dominance to determine whether
it was sufficient to explain the respiratory competence of
coq10rev. A haploid coq10! mutant crossed with haploid
coq10rev produced diploidMB-10 (Table 1), whichwas capable
of growth on respiratory medium (Fig. 3B). Illustrated growth

Table 1
Genotype and source of yeast strains

Strain Genotype Source
W303-1B MAT ! ade2-1 his3-1,15 leu2-,112trp1-1 ura3-1 R. Rothsteina
BY4742 MAT ! his3!0 leu2!0 met15!0 ura3!0 53
JM6 MAT a his-4 "0 68
JM8 MAT ! ade-1 "0 68
BY4742 coq1! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq1::KanMX4 69
BY4741 coq2! MAT a his3!0 leu2!0 met15!0 ura3!0 coq2::KanMX4 69
BY4742 coq3! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq3::KanMX4 69
BY4742 coq4! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq4::KanMX4 69
BY4742 coq5! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq5:: KanMX4 69
BY4741 coq6! MAT a his3!0 leu2!0 met15!0 ura3!0 coq6::KanMX4 Dharmacon, Inc.
BY4742 coq7! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq7::KanMX4 69
BY4742 coq8! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq8::KanMX4 69
BY4742 coq9! MAT !his3!0 leu2!0 met15!0 ura3!0 coq9::KanMX4 69
BY4742 coq10! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq10::KanMX4 69
BY4742 coq11! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq11::LEU2 This work
BY4742 coq10!coq11! MAT ! his3!0 leu2!0 met15!0 ura3!0 coq10::HIS3 coq11::LEU2 This work
W303 coq10! MAT ! ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 coq10::HIS3 18
W303 coq10! MAT a ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 coq10::HIS3 18
W303 coq10rev MAT ! ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 coq10::HIS3 sup This work
MB-10 Diploid produced fromW303 a coq10! x W303 ! coq10!rev This work
W303 coq11! MAT ! ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 coq11::LEU2 This work
W303 coq10!coq11! MAT ! ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 coq10::HIS3 coq11::LEU2 This work
BY4741 cor1! MAT a his3!0 leu2!0 met15!0 ura3!0 cor1::KanMX4 69

a Gift from Dr. Rodney Rothstein Department of Human Genetics, Columbia University.
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patterns suggest that the coq11 truncated allele present in
coq10rev is a dominant-negative mutation. Because the domi-
nant mutation in coq10rev restores growth on respiratory
medium via a functionally suppressive Coq11 truncationmuta-
tion, this mutant effectively validates the coq10!coq11! phe-
notype in an independent system.
Deletion of COQ11 fails to fully restore coq10!Q6

biosynthesis in whole cells

When a coq mutant displays anemic growth on respiratory
medium, it is often indicative of inefficient Q6 biosynthesis (7,
9); yeast lacking COQ10 exhibit both poor growth on respira-
tory medium and decreased Q6 biosynthesis in log phase whole
cells (17, 19). Although the coq11!mutant retains the ability to
grow on nonfermentable medium, it is also characterized by
impaired Q6 biosynthesis (14). Only a small amount of Q6 is
required for growth on respiratory medium, "0.2–3% of the
total Q6 found in WT (9, 33, 34). Because the coq10!coq11!
double mutant has rescued respiration, we wanted to assess
whether recovered growth was accompanied by increased Q6
biosynthesis. Whole-cell de novo–synthesized [13C6]Q6 and

[12C]Q6 were measured in yeast by feeding the quinone ring-
labeled precursor, [13C6]4HB, or EtOH vehicle control (Fig. 4).
These analyses were performed in the fermentable, nonrepres-
sive YPGal medium (35) to match the conditions of experi-
ments involving purified mitochondria.
Consistent with previous results (14, 17), coq10! and coq11!

had significantly decreased de novo-synthesized [13C6]Q6 and
[12C]Q6 compared withWT (Fig. 4A). The coq10!mutant had
a lower total Q6 content ([13C6]Q6 # [12C]Q6) than WT and
also a lower total Q6 than coq11! (Fig. 4B). Deletion of COQ11
in coq10! yeast led to a slight increase in de novo-synthesized
[13C6]Q6 and unchanged [12C]Q6 compared with coq10! (Fig.
4A). Therefore, the coq10!coq11! double mutant presented
total Q6 contents that were significantly lower than either
WT or coq11! (Fig. 4B). Given the robust growth of the
coq10!coq11! double mutant on YPG, restored respiration,
and resistance to PUFA treatment, the low Q6 concentrations
observed are surprising.
Next, we quantified the concentrations of key Q6-intermedi-

ates in the same whole-cell yeast pellets. As shown previously

Figure 2. COQ11 deletion rescues the lack of growth on YPG, low-oxygen consumption rates, and lost Q6 antioxidant protection in the coq10!
mutant. A, strains were grown overnight in 5 ml of YPD, diluted to an A600 $ 0.2 with sterile PBS, and 2 !l of 5-fold serial dilutions were spotted onto
fermentable (YPDextrose, YPD) or respiratory (YPGlycerol, YPG) medium, corresponding to a final A600 $ 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were
incubated at 30 °C, and growth was captured after 2 or 3 days. B and C, quadruplicates of 25-ml cultures of WT, coq10!, coq11!, and coq10!coq11! yeast were
grown in YPGal until they reachedA600"4. Yeast were diluted to anA600$ 0.1 in fresh YPGal and collected by centrifugation on poly-D-lysine-coated Seahorse
XF96 microplates to assess oxygen consumption. B, representative traces of OCR of yeast strains with the XF96 extracellular flux analyzer. FCCP and antimycin
A (AA) were sequentially added to evaluate mitochondrial respiratory states. Measurements were taken approximately every 4 min, as represented by points
and their respective error bars. Four independent experiments were performed (Fig. S1), and each group of average traces represents 8 –10 technical replicates.
C, quantification of basal and maximal (maximal electron transport activity induced by the uncoupler FCCP) OCR as obtained from four independent experi-
ments (Fig. S1). The data show the mean% S.D., and the statistical significance as compared with WT is represented by *, p& 0.05. D, deletion of COQ11 in the
coq10! rescues PUFA sensitivity. Results are representative of three experiments.
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(17, 19), the coq10! mutant contained lower amounts of the
late-stage intermediate [13C6]DMQ6 and [12C]DMQ6 (Fig. 4C)
than WT, and it accumulated the early-stage intermediate
[13C6]HHB and [12C]HHB (Fig. 4D). In contrast to coq10!, the
coq11!mutant mirroredWT production of both de novo-syn-
thesized and unlabeled early- and late-stage intermediates (Fig.
4, C and D), as shown previously (14). Q6-intermediate trends
in coq10!coq11! matched those of the coq10! mutant rather
than coq11! (Fig. 4, C and D). The low Q6 content and accu-
mulation of early-stage Q6-intermediates in the coq10!coq11!
double knockout suggest the absence ofCOQ10 still produces a
notable effect onQ6 biosynthesis, although respiratory capacity
is rescued.

coq10!coq11! doublemutant has increasedmitochondrial
Q6 comparedwith the coq10! singlemutant

Although Q6 biosynthesis solely occurs within mitochon-
dria, it is found in all cellularmembranes (9). Therefore, Q6 was
quantified in both whole cells and purified mitochondria from
mutant andWT cells cultured under the same conditions (36).
Whole-cell Q6 determined under mitochondrial purification
conditions matched those determined in Figs. 4 and 5A. The
coq10!coq11! double mutant made slightly more Q6 than the
coq10! single mutant, but overall less Q6 compared with the

coq11! single mutant. All mutants had lower whole-cell Q6
amounts than WT (Fig. 5A).
Similarly, mitochondrial Q6 content per microgram of mito-

chondrial proteinwas lower in coq11! thanWT (Fig. 5B).How-
ever, deletion of COQ11 in the coq10! mutant increased the
mitochondrial Q6 5-fold (Fig. 5B). Despite these profound dif-
ferences in mitochondrial Q6 content, mitochondrial mass was
consistent between strains as determined by three distinct
assays (Fig. 5, C–E). Increased mitochondrial Q6 in the
coq10!coq11!doublemutant comparedwith coq10! indicates
that the absence ofCOQ11 in part rescues defective Q6 synthe-
sis in the coq10!mutant.

Low Coq protein content and destabilized CoQ synthome of
the coq10!mutant are restored in the coq10!coq11! double
mutant

Proper formation of the CoQ synthome from component
Coq polypeptides is required for efficient Q6 biosynthesis in
yeast (9, 12, 13). Deletion ofCOQ10 causes a decrease in several
otherCoqpolypeptides, includingCoq3–Coq7,Coq9, aswell as
overall CoQ synthomedestabilization (12, 13, 19). These results
were confirmed when purified mitochondria from coq10!
yeast were analyzed for each Coq polypeptide (Fig. 6A). The
coq10! mutant had significantly decreased amounts of Coq3,

Figure 3. Spontaneous coq10 revertant with rescued respiratory capacity was identified to possess a base-pair deletion in COQ11, encoding a
truncatedCoq11protein.A,alignment of the amino acid sequence of WTCOQ11ORF with the coq11allele (coq10rev) present in the coq10 revertant.B, growth
properties of WT were compared with coq10mutants and diploid MB-10 (defined in Table 1). Strains were grown overnight in 8 ml of YPDextrose (YPD), diluted
to anA600" 0.2 with sterile PBS, and 2 !l of 5-fold serial dilutions were spotted onto fermentable YPD or respiratory (YPEGlycerol (YPEG)) medium, correspond-
ing to a final A600" 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth was captured after 2 or 3 days. Results are representative
of three experiments.
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Coq4, Coq7, andCoq9 compared to and plotted as a percentage
of WT (Fig. 6B).
In contrast to coq10!, the coq11! singlemutant had elevated

Coq4, Coq6, Coq7, and Coq9 (Fig. 6A), with protein quantifi-
cation shown in Fig. 6B. Furthermore, the coq10!coq11! dou-
ble mutant also had raised amounts of Coq4, Coq7, and Coq9
polypeptides comparedwithWT (Fig. 6,A andB). This increase
in Coq proteins could not be explained by enhancedCOQ tran-
scription as there was no corresponding change in the concen-
tration of the respective mRNAs, (Fig. 6C), although COQ4
mRNA was not detected.
CoQ synthome formation was probed using two-dimen-

sional blue native/SDS-PAGE (2D-BN/SDS-PAGE) with Coq4
and Coq9 serving as sensitive indicators of a high-molecular-
weight complex (13). As expected, the CoQ synthome in WT

yeast presented as a heterogeneous high-molecular-weight
complex, spanning a range of "140 kDa to #1 MDa for Coq4
(Fig. 7A) and from "100 kDa to #1 MDa for Coq9 (Fig. 7B).
Consistent with prior results (13, 19), the coq10! mutant dis-
played a highly-destabilized CoQ synthome, with a disappear-
ance of large complexes thatwere replaced by lower-molecular-
weight subcomplexes less than "440 kDa for Coq4 (Fig. 7A)
and less than"232 kDa for Coq9 (Fig. 7B). The coq11!mutant
had a stabilized CoQ synthome compared withWT, with high-
molecular-weight complexes shifting to the left and collapsing
into a more homogeneous complex spanning"900 kDa to#1
MDa for both Coq4 (Fig. 7A) andCoq9 (Fig. 7B).WhenCOQ11
was deleted in combination with COQ10, there was a substan-
tial rescue of high-molecular-weight complex formation com-
paredwith the coq10! singlemutant (Fig. 7,A andB). The CoQ

Figure 4. Low amounts of de novo [13C6]Q6 in whole-cell lipid extracts of the coq10! mutant are only partially restored by deletion of COQ11.
Triplicates of 6-ml cultures in YPGal were labeled at A600"1 with 5 !g/ml [13C6]4HB or EtOH vehicle control, and 5 ml of each culture were collected after 4 h,
lipid-extracted, and analyzed by LC-MS/MS. A, unlabeled [12C]Q6 and de novo–synthesized [13C6]Q6 (blue); B, total amount of Q6 determined from the sum of
[13C6]Q6 and [12C]Q6; C, [12C]DMQ6 and [13C6]DMQ6 (red); and D, [12C]HHB and [13C6]HHB (purple) were measured from the whole-cell lipid extracts of WT and
the coq10!, coq11!, and coq10!coq11! mutants. Values are the mean of three replicates. The data show mean $ S.D., and the statistical significance as
compared with WT is represented by *, p% 0.05; ***, p% 0.001; and ****, p% 0.0001.
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synthome of the coq10!coq11! double mutant appeared simi-
lar to that of coq11! complexes spanning"66 kDa to# 1MDa
forCoq4 (Fig. 7A) and from"66 kDa to# 1MDa forCoq9 (Fig.
7B). However, the deletion of COQ11 in coq10! does not
negate the effect from the COQ10 deletion, as it does not
restore small subcomplexes $140 kDa to higher molecular
weights (Fig. 7, A and B). These CoQ synthome signals for
coq11mutants were complementary to the observed increased
Coq polypeptides, indicating that the absence of COQ11
enhanced the Q6 biosynthetic machinery.

High-copy COQ8 does not restore Q6 content in the
coq10!coq11! singlemutant

The Coq8 polypeptide is a member of an ancient atypical
kinase family (37), with several conserved kinasemotifs that are
essential for Q biosynthesis (13, 38). Prior studies have demon-
strated that overexpression of Coq8 in a coq10! mutant
increased the otherwise low amounts of several key Coq poly-
peptides and stabilized CoQ synthome formation (13). This is
similar to the phenotype observed whenCOQ11was deleted in
the coq10! mutant. Furthermore, Coq8 overexpression has
also been shown to influence Q6 biosynthesis, including the
restoration of late-stage Q6-intermediates in coq5–coq9 null
mutants (39). Although the CoQ synthome of the coq10!
mutant was stabilized by deletion of COQ11, Q6 and late-stage
Q6-intermediates remained lower compared with WT and the

coq11! singlemutant (Fig. 4C).We hypothesized that the over-
expression of Coq8 in the coq10! and coq10!coq11! mutant
may restore Q6 content in both mutants.
WT, coq10!, coq11!, and coq10!coq11! were analyzed for

growth on nonfermentable medium and Q6 biosynthesis upon
transformation with high-copy COQ8 (hcCOQ8, Table 2) or
empty vector control (Fig. 8). Similar to previous observations
in a different yeast genetic background (18), coq10!-expressing
hcCOQ8 regained the ability to grow on respiratory medium
(Fig. 8A). This growth phenotype may be explained by a stabi-
lized CoQ synthome in the coq10!mutant harboring hcCOQ8
(13). However, hcCOQ8 had no material effect on the growth
properties of WT, coq11!, or coq10!coq11! strains on YPG
(Fig. 8A).
Each strainwas grown inminimal selectionmedium tomain-

tain plasmid expression and was analyzed for Q6 biosynthesis
following metabolic labeling with the ring-labeled Q6 precur-
sor, [13C6]HB (Fig. 8, B and C). Changing the growth medium
from rich (i.e. YPGal) to minimal synthetic (i.e. SD and drop-
out dextrosemedia (DOD)) changed the relative amounts ofQ6
content among the mutants (Figs. 4B versus 8C). AlthoughWT
[13C6]Q6 and total Q6 content is similar in Figs. 4B and 8C, the
values for coq11! and the double mutant are quite different.
When grown in YPGal, coq10! had the lowest Q6 content, fol-
lowed by the double mutant coq10!coq11!, with coq11! hav-

Figure 5. Deletion of COQ11 in the coq10! mutant enhances mitochondrial Q6 content. Triplicates of 30-ml cultures of WT, coq10!, coq11!, and
coq10!coq11! yeast were grown in YPGal until they reachedA600"4.A, 5 ml of whole cells from each culture were harvested, lipid-extracted, and analyzed by
LC-MS/MS for Q6 content. Alternatively, WT, coq10!, coq11!, and coq10!coq11! yeasts were grown in YPGal until they reached A600"4 and were subjected
to mitochondrial preparation. B, lipids from triplicates of purified mitochondria (100 !g) were analyzed by LC-MS/MS for Q6 content. C–E, mitochondrial mass
was estimated using three distinct methods. C, relative mitochondrial DNA to actin was quantified by qPCR.D, porin protein amounts were quantified by hand
using ImageStudioLite following immunoblot and normalized to total protein levels evaluated by Ponceau stain. E, citrate synthase activity was determined
using a colorimetric assay as outlined under “Experimental procedures.” Values are the mean of three replicates. The data show the mean % S.D., and the
statistical significance as compared with WT is represented by *, p$ 0.05; ***, p$ 0.001; and ****, p$ 0.0001.
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ing the closest Q6 content to WT (Figs. 4, A and B, and 5A and
Fig. S2,A and B). In contrast, when these strains are cultured in
SD!Ura (Fig. 8, B and C), the double mutant coq10"coq11"
had the lowest Q6 content, as compared with either the coq10"
or coq11" single mutant strains. Growth on minimal dextrose
medium in the absence of plasmid selection produced similar
trends (Fig. S2, C and D, and Fig. S3, A and B).
Upon Coq8 overexpression, coq10" had increased de novo-

synthesized [13C6]Q6 and [12C]Q6 (Fig. 8B), and total Q6 con-
centrations ([13C6]Q6# [12C]Q6) were restored to those ofWT
(Fig. 8C). This finding is consistent with previous results, which
also indicated that hcCOQ8 restored Q biosynthesis and
amounts of Coq polypeptides and the CoQ synthome in the
coq10"mutant (13, 17, 18). Intriguingly, expression of hcCOQ8

had no effect on de novo or unlabeled Q6 content in either the
coq11" single mutant or the coq10"coq11" double mutant
(Fig. 8B). Total Q6 contents of both coq11" and coq10"coq11"
remained significantly decreased compared withWT (Fig. 8C).
Together, these results show that the rescue of the coq10"
mutant mediated by Coq8 overexpression requires Coq11.

Expression of low-copy COQ11 rescues only some of the
phenotypes of the coq10!coq11!mutant

The functional complementation of coq11" single and
coq10"coq11" double mutants with low-copy COQ11 was
assessed (lcCOQ11, Table 2). As expected, the coq10"mutant,
coq10" with empty vector, and coq10" complemented with
lcCOQ11 showed slow growth on the nonfermentable carbon

Figure 6. Several Coq polypeptides have increased abundance in coq11! and coq10!coq11! mutants compared with WT. A, aliquots of purified
mitochondria (25 !g) from WT, coq10", coq11", and coq10"coq11" yeasts were subjected to 10 or 12% Tris-glycine SDS-PAGE. Mitochondrial malate
dehydrogenase (Mdh1) was included as a loading control, with a representative blot shown. The Coq5 protein also serves as a qualitative loading control,
because the Coq5 polypeptide amounts remain unchanged across the panel of coq1–coq4 and coq6–coq10 deletion mutants (12). Aliquots of purified coq"
mitochondria (coq1"–coq11") were included as negative controls for immunoblotting with antisera to each of the Coq polypeptides. Black arrows highlight
the location of each protein on the membrane. B, ImageStudioLite was used to quantify triplicates of each Coq protein band’s intensity by hand, which were
normalized to Mdh1 and plotted as a percentage of WT. The data show mean$ S.D., and the statistical significance is as compared with WT is represented by
*, p% 0.05; **, p% 0.01; ***, p% 0.001; and ****, p% 0.0001. C, qPCR was used to determine COQ gene expression from whole-cell cultures of WT, coq10",
coq11", or coq10"coq11", and data were normalized to actin. COQ RNA levels remain unchanged in the coq10", coq11", or coq10"coq11" mutants as
compared with WT.
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source YPGlycerol (Fig. 9A). Because yeast lacking COQ11
retain respiratory capacity (Fig. 2) (14), coq11! complemented
with lcCOQ11 had no detectable change in growth phenotype
comparedwith either the coq11!mutant or coq11!with empty

vector (Fig. 9A). Intriguingly, when lcCOQ11 was expressed in
the coq10!coq11! double mutant, there was no repression
of growth on YPG compared with that of the coq10! mutant
(Fig. 9A).
This observation suggests that Q6 biosynthesis in coq10!

coq11! may not be affected by lcCOQ11. To determine the
effect of lcCOQ11 expression on mutant Q6 biosynthesis, yeast
was grown in selection medium to maintain plasmid expres-
sion. We tested whether lcCOQ11 expression rescued Q6 con-
tent in the coq11! mutant. Expression of lcCOQ11 in coq11!
efficiently rescued total Q6 ([13C6]Q6 " [12C]Q6) to WT
amounts (Fig. 9B).

Figure 7. Deletion ofCOQ11 in the coq10!mutant restores the CoQ synthome.Aliquots (100 !g) of purified mitochondria from WT, coq10!, coq11!, and
coq10!coq11! yeasts cultured in YPGal were solubilized with digitonin and separated with two-dimensional BN/SDS-PAGE. Following transfer of proteins to
membranes, the CoQ synthome was visualized as a heterogeneous signal from#66 to#669 kDa in WT control with antibodies to A, Coq4, or B, Coq9. Intact
mitochondria (25 !g) from each designated strain was included as a loading control (M). Aliquots of coq4!- or coq9!-purified mitochondria (25 !g) were
included as a negative control for the antisera to Coq4 and Coq9, as the Coq9 polypeptide is absent from the coq4! mutant. Red arrowheads and brackets
indicate distinct complexes.

Table 2
Yeast expression vectors

Plasmid Relevant genes/markers Source
pRS305 Yeast vector with LEU2marker 70
pRS313 Yeast vector with HIS3marker 70
pRS316 Yeast shuttle vector; low-copy 70
lcCOQ11 pRS316 with yeast COQ11; low-copy This work
pRS426 Yeast shuttle vector; multi-copy 71
p4HN4 pRS426 with yeast COQ8; multi-copy 12
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Finally, whole-cell steady-state Q6 concentrations were eval-
uated in all mutants. Even though lcCOQ11 complementation
did not suppress coq10!coq11! growth on YPGlycerol (Fig.
9A), Q6 concentrations were increased in coq10!coq11! to a
level comparable with that of coq10! (Fig. 9C). This implies
that Coq11’s role in Q6 biosynthesis is not effective when the
COQ11 ORF is expressed on a single-copy plasmid in the
absence of COQ10. Perhaps Coq11 expression from a plasmid
does not account for multiple levels of regulation that occur
throughendogenous expression.Alternatively, the coq10!coq11!
double mutant may have slightly lower amounts of the Coq11
polypeptide compared with coq11! when both are comple-
mented by lcCOQ11 (Fig. 9D), and these lower levelsmaynot be
sufficient to suppress respiration (Fig. 9A).

Discussion

This work investigated a putative functional relationship
between Coq10 and Coq11 within the S. cerevisiae Q6 biosyn-
thetic pathway. The presence of Coq10–Coq11 fusions in sev-
eral Ustilaginaceae species suggests that these proteins may
directly interact or participate in the samebiological pathway in
yeast (Fig. 1A) (14). Yeast Coq10 and its orthologs were previ-
ously shown to be required for efficient de novoQ biosynthesis
and respiration (17, 18).We were surprised to discover that the
yeast coq10! growth defect on nonfermentable medium and
oxygen consumption rates were rescued upon deletion of
COQ11 (Fig. 2). Moreover, spontaneous revertants isolated
from coq10! yeast were previously found to exhibit growth on

Figure 8. Overexpression of the CoQ synthome stabilizer,COQ8,has no effect onQ6 synthesis in the coq10!coq11!mutant.WT, coq10!, coq11!, and
coq10!coq11! mutants were transformed with high-copy COQ8 (hcCOQ8) or empty vector (pRS426) plasmids. A, strains were grown overnight in 5 ml of
selection medium, diluted to an A600 " 0.2 with sterile PBS, and 2 !l of 5-fold serial dilutions were spotted onto YPD, YPG, or selection medium (SD#Ura),
corresponding to a final A600" 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth was captured after 2 or 3 days. Triplicates of 5
ml of culture in selection medium were labeled with 5 !g/ml [13C6]4HB, collected after 4 h, lipid-extracted, and analyzed by LC-MS/MS. B, [12C]Q6 (white) and
de novo [13C6]Q6 (blue).C, total amount of Q6 was also plotted from the sum of [13C6]Q6 and [12C]Q6. The values are the means of three replicates. The data show
mean$ S.D., and the statistical significance as compared with WT is represented by *, p% 0.05; **, p% 0.01; ***, p% 0.001; and ****, p% 0.0001. The ns signifies
that values are not significantly different from WT.
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nonfermentable medium (18). We have shown that this rever-
sion is due to a dominant base pair deletion within the COQ11
gene, likely resulting in a nonfunctional, truncated Coq11 pro-
tein (Fig. 3). Mutants lacking both COQ10 and COQ11 when
cultured on YPGal have increased de novo Q6 production (Fig.
4A) in addition to a 5-fold increase inmitochondrialQ6 content
compared with the coq10! single knockout (Fig. 5B). There-
fore, we have demonstrated that deletion of theCoq11 polypep-
tide in a coq10!mutant confers a beneficial effect on both res-
piration and Q6 biosynthesis (Fig. 10).
Enhanced Q6 content in the coq10!coq11! double mutant

compared with the coq10! single mutant may be partially due
to increased amounts of several key Coq polypeptides (Fig. 6)
and CoQ synthome stabilization (Fig. 7). The ring-modifying

enzymes within the Q6 biosynthetic pathway colocalize to
numerous distinct “CoQdomains” in vivo, and proper assembly
of the CoQ synthome components is required for the presence
of these CoQ domains (23). Two recent studies demonstrated
that mitochondria isolated from yeast lacking COQ10 have a
reduced number of CoQ domain puncta (23, 24). This is likely
due to lower levels of certain Coq polypeptides and partial CoQ
synthome destabilization in the coq10!mutant (17, 19), which
was confirmed in this work (Figs. 6 and 7). In contrast, coq11!
yeast displayed significantly higher amounts of Coq4, Coq6,
Coq7, and Coq9 polypeptides (Fig. 6). The CoQ synthome was
likewise shifted to a higher molecular weight in coq11! mito-
chondria compared withWT (Fig. 7).When Coq9–yEGFPwas
used as a marker for CoQ domains, coq11! had increased CoQ

Figure9. Low-copyCOQ11 rescuesonly someof thephenotypesof the coq10!coq11!doublemutant.A low-copy plasmid expressingCOQ11 (lcCOQ11)
and an empty vector control (pRS316) were transformed into WT, coq10!, coq11!, and coq10!coq11!. A, strains were grown overnight in 5 ml of YPDextrose
(YPD) and diluted to an A600" 0.2 with sterile PBS, and 2 !l of 5-fold serial dilutions were spotted onto YPDextrose, YPGlycerol (YPG), or selection medium
(SD#Ura), corresponding to a final A600" 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth was captured after 3 or 4 days. B,
rescue of mutantdenovoand unlabeled Q6 production was initially demonstrated in coq11!. Triplicates of 6-ml cultures in selection medium were labeled with
5 !g/ml [13C6]4HB, and 5 ml of each culture was collected after 4 h, lipid-extracted, and analyzed by LC-MS/MS. Total amount of Q6 was plotted from the sum
of de novo [13C6]Q6 (blue) and unlabeled [12C]Q6. Values are the mean of three replicates. C, rescue of mutant Q6 content was evaluated in each mutant strain.
Triplicates of 6-ml cultures in selection medium were grown until A600$4. Lipid extracts from 5 ml of each culture were analyzed by LC-MS/MS. The data show
the means% S.D., and the statistical significance as compared with WT is represented by *,p& 0.05; **,p& 0.01; ***,p& 0.001; and ****,p& 0.0001.ns signifies
that values are not significantly different from WT.D, aliquots of purified mitochondria (25 !g) from WT and mutant yeast containing empty vector or lcCOQ11
were isolated in YPGal medium and were separated on 10% Tris-glycine SDS-polyacrylamide gels to determine Coq11 protein expression. Proteins stained with
Ponceau stain were used as loading control.

Coq10 knockout phenotypes are rescued by deletion of COQ11

6034 J. Biol. Chem. (2020) 295(18) 6023–6042



  

 175 

domain intensity that stemmed from amplified expression of
Coq9–yEGFP, although the number of domains was similar to
WT.Mutants lacking essential Coq polypeptides coq1–coq9, or
coq10, displayed significantly less Coq9-labeled domains (24).
The CoQ synthome stabilization seen in coq11! via 2D-BN/
SDS-PAGE analyses performed in this work (Fig. 7) agrees with
the observation of increased CoQ domains and argues that the
CoQ synthome is truly stabilized upon deletion of COQ11, as
opposed to inducing a greater number of domains.
These observations are consistent with the biochemical data

that led to the notion of a CoQ synthome whose formation
relies on the presence of prenylated Q-intermediates (13, 40,
41). The coq10!mutant producedmore early-stage intermedi-
ates (HHB) and had less late-stage intermediates (DMQ6) com-
pared with WT (Fig. 4, C and D), resulting in less CoQ syn-

thome formation (Fig. 7). Because coq11! yeast displayed
comparable amounts of early- and late-stage Q6-intermediates
toWT (Fig. 4, C andD), this mutant retained the ability to fully
form the CoQ synthome (Fig. 7). The double knockout synthe-
sized varying amounts of early- and late-stage Q6-intermedi-
ates that were largely in-between those of the single knockouts
(Fig. 4, C and D). The CoQ synthome is thus able to form in
coq10!coq11! yeast, albeit not to the efficiency of the coq11!
singlemutant (Fig. 7).We suspect that the accumulation of Coq
polypeptides and restoration of the CoQ synthome in the
coq10!coq11! double mutant are sufficient to allow for Q6 to
escape its site of synthesis and reach the respiratory complexes,
despite an absence of the Coq10 Q6 chaperone protein and
lowerQ6 in this strain (Fig. 10). How this occurs is presently not
known. One possible explanation could be that Coq11 inhibits

Figure 10. SchemepostulatingCoq11as amodulator ofQ6 synthesis inmitochondria.Under homeostasis, Coq11 associates with the CoQ synthome and
acts as a modest negative regulator of Q6 synthesis via Coq10. In the absence of COQ11, several Coq polypeptides are increased (dark shading), and the CoQ
synthome is stabilized compared with WT cells, despite a slight decrease in Q6 content. In contrast, the coq10!mutant is missing the Q6 chaperone protein,
resulting in a decreased amount (light shading) of Coq3, Coq4, Coq7, and Coq9, a destabilized CoQ synthome, substantially decreased Q6 concentrations, and
a lack of respiration. The deletion ofCOQ11 in the coq10!mutant counterbalances the destabilized CoQ synthome and decreased Q6 content phenotype of the
coq10!mutant, allowing the coq10!coq11! double mutant to grow on YPG and respire. Expression of hcCOQ8 in the coq10!mutant produces many similar
phenotypes toCOQ11deletion in coq10! cells, including increased Coq polypeptides and a stabilized CoQ synthome (13), resulting in restored growth on YPG.
Unlike the coq10!coq11! double mutant, coq10! " hcCOQ8 has rescued Q6 content pointing to an additional role of Coq11 in Q6 biosynthesis, redox
regulation, or transportation.
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a currently unidentified Q6 chaperone with lower efficiency
thanCoq10 that is able to rescue respiration only in the absence
of both Coq10 and Coq11.
Overexpression of the Q6-biosynthetic protein Coq8 also

rescued coq10! mutant growth on nonfermentable medium
(Fig. 8A) and de novo Q6 biosynthesis (Fig. 8, B and C) (17).
Coq8 has been implicated in the partial extraction of Q6-inter-
mediates out of the mitochondrial inner membrane for enzy-
matic modification by other Coq proteins, allowing for appro-
priate Q6 biosynthesis (25). Prior investigations also revealed
that Coq8 overexpression in coq10! yeast increased Coq4 and
Coq9 polypeptides and stabilized the CoQ synthome (13, 24).
Despite the substantial benefit of Coq8 overexpression in a
coq10! single mutant, Coq8 overexpression failed to enhance
Q6 biosynthesis in the coq10!coq11! double knockout (Figs. 8,
B and C, and 10). The absence of COQ11 in the double mutant
is sufficient to restore Coq polypeptides and CoQ synthome
formation (Figs. 6, A and B, 7, and 10). Coq11 and Coq8 may
therefore work by different mechanisms to serve opposing
functions forCoQ synthome andCoqpolypeptide stabilization.
Furthermore, it is clear that Coq11 is required to perform an
additional function to Coq8, as hcCOQ8 requires the presence
of Coq11 to restore Q6 biosynthesis (Figs. 8, B and C, and 10).
Proper CoQ synthome formation is not only required for

efficientQ6 biosynthesis, but it is also vital for the establishment
of ER-mitochondrial contact sites mediated by the ER-mito-
chondrial encounter structure (ERMES) complex (23, 24). The
ERMES complex is essential for lipid exchange between the ER
and mitochondria (42). Specifically, ERMES null mutants have
irregular Q6 cellular distribution and a destabilized CoQ syn-
thome (23). When COQ10 was deleted in yeast expressing
Coq6–GFP, there was a significant decrease in Coq6–GFP
puncta colocalization withMdm34–mCherry, a component of
the ERMES complex (23). These results indicate that CoQ syn-
thome positioning next to the ERMES complex, and subse-
quent Q6 distribution from the mitochondria, depends on
Coq10. Because COQ11 deletion stabilizes the CoQ syn-
thome (Figs. 6, A and B, and 7), it is possible that coq11!
mutants have more ER-mitochondrial contacts through the
ERMES complex and improved transfer of lipids between
these organelles. Therefore, one possible role of Coq11 may
be an auxiliary protein mediating lipid transport between the
ER and mitochondria.
In a recent study, Coq11 was named Mrx2, as part of the

mitochondrial organization of gene expression (MIOREX)
complex involved in the mitochondrial genetic expression sys-
tem (43). Considering the proposed regulatory function of
Coq11 in CoQ synthome assembly, it is tempting to speculate
that Coq11 offers a mechanism to couple Q6 synthesis with the
assembly of the respiratory complexes. When the synthesis of
the respiratory complexes ismore active, Coq11 is associated to
theMIOREXcomplex, andQ6 synthesis at ER junctions is stim-
ulated. Coq11 dual localization in the mitochondrial inner
membrane, to the MIOREX complex and the CoQ synthome,
would also explain the sensitivity of yeast cells to the number of
COQ11 copies, as well as present another example of a loop
system control for balanced expression of mitochondrial prod-
ucts (44).

Another potential explanation for the phenotypes induced
by the knockout of Coq11 relates to its structural connection
with the short-chain dehydrogenase/reductase (SDR) super-
family of NAD(P)(H)-dependent oxidoreductases (14, 45).
These enzymes catalyze an assortment of reactions, including
isomerization, decarboxylation, epimerization, imine reduc-
tion, and carbonyl–alcohol oxidoreduction (45). SDR super-
family proteins contain a conserved protein structural motif
known as a Rossmann fold, a feature used in the binding of
nucleotide cofactors such as FAD, FMN, andNAD(P) (46). The
crystal structure of the Pseudomonas aeruginosa gene UbiX,
which catalyzes the decarboxylation step in Q9 biosynthesis,
revealed a Rossmann foldwith a bound FMN (47). Thus, Coq11
may use its Rossmann fold in conjunction with a nucleotide
cofactor to perform similar redox chemistry in S. cerevisiaeQ6
biosynthesis. The ratio of QH2/Q serves as a metabolic sensor
for electron transport chain efficiency (48). High QH2/Q ratios
induce respiratory complex I-mediated reverse electron trans-
port (RET) under physiological conditions in both Drosophila
and mammalian cell lines (48, 49). Superoxide and secondary
reactive species produced specifically through complex I RET
extended Drosophila lifespan and improved mitochondrial
function in amodel of Parkinson’s disease (49). RET induced by
over-reduction of the Q pool presumably generates a superox-
ide-dependent signal essential for homeostasis, such that
manipulation of the Q redox state is beneficial for mitochon-
drial function (48, 49). Mitochondrial phenotypes in the
absence of COQ11, including restored respiration in coq10!
coq11! and up-regulatedQ6machinery (Figs. 2,A–C, 6, and 7),
seem to correlate well with the aforementioned effects of Q6H2
accumulation. Yeast coq11! and coq10!coq11!mutants retain
antioxidant protection by Q6H2, demonstrated by their resis-
tance to treatment with exogenously-added PUFAs (Fig. 2D).
Because cells lacking the Coq11 polypeptide maintain Q6H2 as
an antioxidant, it follows that Coq11 could be involved in the
oxidation of Q6H2 to Q6.
The phenotypes of Coq10 and Coq11 seen in this work are

similar to those in both fungi and mammalian hosts. Several
fungi use Coq11 or Coq11-like proteins as NAD-dependent
epimerases/dehydratases, NADH-ubiquinone oxidoreducta-
ses, and NADH dehydrogenase subunits (14). Coq11 orthologs
are commonly found in plant and algae genomes, including the
chloroplast-localized flavin reductase protein At1g32220 from
the land plant Arabidopsis thaliana, which is thought to be
involved in plastoquinone biosynthesis and storage (14, 50).
The closest but distinct higher eukaryotic Coq11-like protein is
the SDR subfamily protein NDUFA9 (14), an auxiliary subunit
of complex I in humans (51). Patients with decreased NDUFA9
expression are unable to properly assemble complex I and may
develop a degenerative infancy respiratory disorder known as
Leigh syndrome (52). Although yeast cells do not possess com-
plex I, this evidence indicates that Coq11may play a crucial role
in respiratory regulation or function, supporting the observa-
tions of this study.
The function of Coq10 is widely conserved across different

organisms. Expression of the Coq10 homolog from C. crescen-
tus (CC1736) rescues the impaired respiration and antioxidant
function of Q6 in coq10 yeast mutants (17). TheNMR structure
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of CC1736 reveals a START domain, which is known to bind
lipids via a hydrophobic tunnel (20). Studies of S. pombeCoq10
demonstrate that it is able to bindQ10 (21). One proposed func-
tion of Q binding by CC1736 and Coq10 from S. pombemay be
to regulate Q delivery to its proper sites in the respiratory com-
plexes. Humans have two distinct homologs of yeast Coq10:
COQ10A and COQ10B. Expression of either human protein
rescues the coq10! respiratory deficiency and sensitivity to oxi-
dative stress, and it restores the amounts of Coq polypeptides to
WT (19). The conserved function of yeast Coq10 with human
COQ10A and COQ10B suggests that the findings of this work
will shed light on the role of Coq10 as a chaperone in humans,
leading to a better understanding of the pathobiology of Q10
diseases.
In summary, this work reveals that Coq11 plays a regulatory

role to maintain Q6 homeostasis in concert with Coq10 in
S. cerevisiae (Fig. 10). The absence of COQ11 caused an aug-
mentation of Q6 production and respiration in the coq10!
mutant, indicating that Coq11 confers a negative effect on the
CoQ synthome. Coq11 may be crucial for Q6 function in
addition to Q6 biosynthesis, as total whole-cell and mito-
chondrial Q6 content remained lower than WT in coq11!
and coq10!coq11! mutants.

Experimental procedures

All reagents were obtained commercially from Thermo
Fisher Scientific unless otherwise specified
Yeast strains and growthmedium

S. cerevisiae strains used in this study are described in Table
1. Yeast strains were derived from S288C (BY4742 (53)) or
W303 (54). Growth media were prepared as described previ-
ously (55), and platemedium contained 2% bacto-agar. Growth
media included the following: YPD (2% glucose, 1% yeast
extract, and 2%peptone), YPGal (2%galactose, 1% yeast extract,
2% peptone, and 0.1% dextrose), YPG (3% glycerol, 1% yeast
extract, and 2% peptone), and YPEG (3% glycerol, 2% ethanol,
1% yeast extract, and 2% peptone). Synthetic dextrose/selection
media (SD–Complete, SD"Ura, SD-Leu, SD-His, SD-His–Leu,
SD"Ura–Leu) were prepared as described previously (55) and
consisted of all components minus uracil, leucine, histidine, or
both uracil and leucine. Drop-out dextrose (DOD)mediumwas
prepared as described previously (14).
COQ11 was disrupted by the one-step gene replacement

method (56). The LEU2 gene from pRS305 was amplified by
polymerase chain reaction (PCR), with COQ11 upstream and
downstream flanking sequences 5#-GGGAAATATGTATCG-
TATACAAAAATACAGCTAAAGCTTGAACTG and 3#-
GTACTTAACTATATACAGCTTGGTATAATTTTAAAA-
TGGTAATAAC. Transformations of PCR products into yeast
cells were performed using the Li-acetate method (57). The
double coq10!coq11! mutant was constructed via disruption
of COQ10 within the coq11! strain. The HIS3 gene from
pRS313 was amplified by PCR with COQ10 upstream and
downstream flanking sequences 5#-GGATAAGGAGCCAAA-
CAATAAACGGCTAAAGATACCGTGG and 3#-CAGATA-
ACAAAGATCATGCCATCCAGGATAAGCGTATGCA, and
transformation was performed as for the COQ11 disruption.

Primers were designed using SnapGene (GSL Biotech, LLC, Chi-
cago, IL).

Mitochondria isolation from BY4742WT andmutant yeast

Yeast cultures of BY4742, coq10!, coq11!, and coq10!
coq11!were grown overnight in 5ml of YPD. Yeast-containing
plasmids were grown overnight in 5 ml of selection medium
(SD"Ura). All pre-cultures were back-diluted with YPGal and
grown overnight with shaking (30 °C, 250 rpm) until cell
density reached an A600 $4. Spheroplasts were prepared
with Zymolyase-20T (MP Biomedicals) and fractionated as
described previously (36), in the presence of cOmpleteTM
EDTA-free protease inhibitor mixture tablets (Roche Applied
Science), phosphatase inhibitor mixture set I (Sigma-Aldrich),
phosphatase inhibitor mixture set II (Sigma-Aldrich), and
phenylmethylsulfonyl fluoride (Thermo Fisher Scientific).
Nycodenz (Sigma-Aldrich) density gradient purified mito-
chondria were frozen in liquid nitrogen, aliquoted, and stored
at"80 °C until further use. Protein concentration ofmitochon-
dria was measured by the bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific).

Submitochondrial localization of Coq10 and Coq11
polypeptides

Purified mitochondria from BY4742 yeast (3 mg of protein,
150!l) were subfractionated, as described previously (13). Pro-
teinase K treatment of purified BY4742 mitochondria was also
performed as described previously (13). Proteinase K-treated
mitoplasts and control samples were resuspended in SDS sam-
ple buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.1%
bromphenol blue, and 1.33% "-mercaptoethanol); equal ali-
quots were separated by SDS-gel electrophoresis on 10 or 12%
Tris-glycine polyacrylamide gels as detailed below. Several
mitochondrial compartment markers and proteins of interest,
Coq10 and Coq11, were detected with rabbit polyclonal
antibodies prepared in blocking buffer at dilutions listed in
Table S1.

Oxygen consumption evaluation by Seahorse

Mitochondrial function was assessed using the XF96 extra-
cellular flux analyzer (Seahorse Bioscience, Agilent Technolo-
gies). Seahorse plates were coated with 50 !g/ml poly-D-lysine
(Sigma-Aldrich), diluted 1:1 in UltraPure distilled water
(Thermo Fisher Scientific). Volumes of 25 !l were added to
each well for 30 min at room temperature and then aspirated
before plates were dried overnight at room temperature. The
Seahorse XF96 sensor cartridgewas hydratedwith Seahorse XF
calibrant solution (Agilent) and was incubated overnight at
room temperature.
Yeast cultures of BY4742, coq10!, coq11!, and coq10!coq11!

were grown overnight in 25ml of YPGalmedium.On the day of
measurement, all cultures were diluted to seed an A600 % 0.1
cells/well of BY4742, coq10!, coq11!, and coq10!coq11! into a
Seahorse XF96 microplate in a total volume of 175 !l YPGal.
Four wells containing only medium were included for back-
ground measurement. The loaded plate was centrifuged at
500 & g for 3 min at room temperature (with no brakes). Fol-
lowing centrifugation, the loaded plate was incubated for 30
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min at 37 °C with no CO2 to aid in the transitioning of the plate
into the Seahorse machine’s temperature. Cells were stimu-
lated sequentially with two injections of 4 !M FCCP in ports A
and B (optimized for maximum oxygen consumption rate)
(Enzo Life Sciences) and 2.5 !M antimycin A in port C (Enzo
Life Sciences), delivered in YPGal. Mix, wait, and measure
timeswere 2min, 30 s, and 2min, respectively. Basal respiration
included fourmeasurements, and then following each injection
three measurements were made. All OCR were subtracted for
nonmitochondrial respiration and normalized to A600 ! 0.1.
Basal respiration was calculated as an average of OCR prior to
the first FCCP addition. Maximal respiration was calculated as
an average of OCR following the second FCCP addition. Non-
mitochondrial respiration was measured as average OCR fol-
lowing antimycin A addition.

Fatty acid sensitivity assay

Sensitivity of yeast cells to PUFA-induced oxidative stress
was performed as described previously (19, 58, 59), with some
modifications. Briefly, BY4742 WT, cor1", coq9", coq10",
coq11", and coq10"coq11" were inoculated in 5 ml of YPD
medium and incubated overnight at 30 °C, 250 rpm. Cultures
were subinoculated to an A600 ! 0.25 in 15 ml of fresh YPD
medium and incubated at 30 °C, 250 rpm until they reached an
A600#1. Cells were harvested, washed twice with 10ml of ster-
ile H2O, and diluted in 0.1 M phosphate buffer with 0.2% dex-
trose, pH 6.2, to anA600! 0.2. This cell suspension was divided
into 5-ml aliquots and treated with an ethanol vehicle control
(final concentration 0.1% v/v), ethanol-diluted oleic acid (Nu-
Check Prep), or "-linolenic acid (Nu-Check Prep) to a final
concentration of 200!M. Fatty acid-treated cultures were incu-
bated for 4 h at 30 °C, 250 rpm, after which cell viability was
assessed via plate dilutions. Cell viability prior to the addition of
fatty acids was determined via plate dilutions, represented in
the 0-h plate.

Analysis of Q6 andQ6-intermediates

Standards of Q6 were obtained fromAvanti Polar Lipids, and
Q4 was from Sigma-Aldrich. Yeast cultures were grown over-
night in 30 ml of YPGal, or selection medium (SD-complete or
SD$Ura) for strains harboring plasmids. Cultures were diluted
into triplicates of 6 ml of fresh medium to A600! 0.5, and 5 ml
of medium was harvested by centrifugation once they reached
A

600
#4.Cell pelletswere stored at$20 °C. Following collection,

frozen cell pellets were lipid-extracted in the presence of inter-
nal standard Q4 and analyzed for Q6 and Q6-intermediates by
LC-MS/MS as described previously (19).

Stable isotope labeling for determination of de novo Q6 and
Q6-intermediates

Yeast cultures were grown overnight in 30 ml of YPGal and
diluted in triplicates of 6 ml of fresh medium to an A600! 0.1.
Cultures were incubated until they reached an A600 #1, at
which point ethanol vehicle control (0.1% v/v) or 5!g/ml of the
stable isotope [13C6]4HB (Cambridge Isotope Laboratories,
Inc.) was added. Cultures were allowed to grow for an addi-
tional 4 h when 5 ml of each culture was harvested by centrifu-

gation and stored at $20 °C. Cell pellets were lipid extracted
and analyzed by LC-MS/MS as described previously (19).

Mitochondrial DNA determination by qPCR analysis

DNA was extracted from yeast cells as follows. Yeast pellets
(10ml) grown in YPGal were collected at anA600#4 by centrif-
ugation at 3000 % g for 5 min, washed with 5 ml of H2O, and
transferred to 2-ml screw-cap tubes. Pellets were frozen at
$80 °C until DNA extraction was carried out. Cell pellets were
resuspended in 200!l of lysis buffer (10mMTris-Cl, pH 8.0, 2%
(v/v) Triton X-100, 1 mM EDTA, 100 mM NaCl, 1% SDS), and
200 !l of acid-washed glass beads with 200 !l of phenol/chlo-
roform/isoamyl alcohol (25:24:1) were added to the cell suspen-
sion. Cells were lysed using a bead-beater (Precellys 24; Bertin
Technologies) three times for 10 s at 6500 rpmwith a 45-s break
between rounds at 4 °C.Tris-EDTA (TE, 200!l) was added, and
the cell suspension was centrifuged at 13,000 % g for 5 min at
room temperature. The aqueous layer was removed to a new
tube containing 200 !l of chloroform, mixed by inversion, and
centrifuged at 13,000% g for 5 min at room temperature. This
was repeated once more. The aqueous layer was then trans-
ferred to a 2-ml screw-cap tube containing 1 ml of 95% EtOH,
mixed by inversion, and centrifuged at 13,000% g for 2 min at
room temperature. The resulting pellet was resuspended in 400
!l of TE containing 30!g of RNaseA and incubated at 37 °C for
30min. Then, 10!l of 3M sodiumacetate and 1ml of 95%EtOH
was added,mixed by inversion, and incubated at$20 °C for 1 h.
After 1 h at$20 °C, the suspensionwas centrifuged at 13,000%
g for 5min, and the pellet waswashed twicewith 70%EtOHand
air-dried. The dried pellet was resuspended in 25 !l of TE;
concentrationwasmeasured byNanodrop (Thermo Fisher Sci-
entific), and the pellet was stored at$20 °C until use.
qPCR was performed on a CFX384 instrument (Bio-Rad)

using the SensiFASTTMSYBR!NOROXkit (Bioline) as per the
manufacturer’s instructions. Each sample was run in duplicate
with 150 ng of total DNA used per reaction using the following
thermocycling protocol (95 °C for 2 min, 95 °C for 5 s, 60 °C for
10 s, and 72 °C for 20 s, plate read and cycle repeated%40, melt
curve 40–92 °C with plate read and 40 °C for 10 s). Melting-
curve analysis confirmed that all PCRs produced a single prod-
uct. mtDNA-specific primers (forward (13,999), 5&-GTG CGT
ATA TTT CGT TGA TGC GT-3&; reverse (14,297), 5&-TTC
ACA CTG CCT GTG CTA TCT AA-3& (60) and actin-specific
primers (forward, 5&-GAA TTG AGA GTT GCC CCA GA-3&;
reverse, 5&-ATC ACC GGA ATC CAA AAC AA-3) were used.
The relative level of gene expression ofmitochondrial DNAwas
normalized to the expression level of actin as described previ-
ously (61).

Citrate synthase activity

The measurement of citrate synthase activity in cells was
carried out as described previously (62). Briefly, yeast pellets (10
ml) grown in YPGal were collected at an A600 #4 by centrifu-
gation at 3000 % g for 5 min, washed with 5 ml of H2O, and
transferred to 2-ml screw-cap tubes. Cell pellets were resus-
pended in 200 !l of lysis buffer (100 mM Tris-Cl, pH 7.4, 1%
(v/v) Triton X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 1% cOmpleteTM Protease Inhibitor Mixture (Roche
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Applied Science)), and then 200 !l of acid-washed glass beads
were added. Cells were lysed using a bead-beater (Precellys 24;
Bertin Technologies) three times for 10 s at 6500 rpm with a
45-s break between rounds at 4 °C. The clarified cell lysate was
collected after centrifugation at 16,000 ! g for 10 min at 4 °C.
The concentration of protein was determined with the BCA
assay (Thermo Fisher Scientific). Cell lysates were normalized
to 0.05 !g/!l protein. The colorimetric citrate synthase assay
was carried out using a VersaMax plate reader (Molecular
Devices) and a flat-bottom 96-well plate. First, 40 !l of 500 mM
Tris-Cl, pH 7.4, 2 !l of 30 mM acetyl-CoA, 8 !l of 2.5 mM
5,5"-dithiobis(2-nitrobenzoic acid), 90!l of H2O, and 50!l cell
lysate (2.5!g total protein) were added into each well. Then, 10
!l of 10 mM oxaloacetic acid were added per well and mixed by
pipetting up and down. A412 was measured every 30 s at 25 °C.
The initial slope was calculated by using data from the first 10
min and used to determine the enzyme reaction rate using the
extinction coefficient for 2-nitro-5-thiobenzoate of 14.15
mM#1 cm#1 (63).

Porin quantification

Porin content was quantified via immunoblot of yeast WT
andmutantwhole cells. Protein extraction fromwhole cells was
performed (64), and 25 !g of each sample was separated by
SDS-gel electrophoresis as described below. Three replicates of
the immunoblots were performed and quantified by hand using
ImageStudioLite software normalized to Ponceau total protein
staining.

Quantitative real-time PCR (qRT-PCR)

Total RNAwas isolated from yeast cells using TRIzol reagent
(Invitrogen). DNA contamination from the resulting RNA was
removed using theDNaseTURBOkit as per themanufacturer’s
instructions (Invitrogen). RNA concentration wasmeasured by
Nanodrop (Thermo Fisher Scientific), and RNA was stored at
#20 °C. Reverse transcription was carried out using the Super-
script III first strand synthesis system using random hexamer
primers (Invitrogen). cDNA was stored at #20 °C until qPCR
analyses were carried out. Quantitative real-time PCR was per-
formed on a CFX384 instrument (Bio-Rad) using the Sensi-
FASTTMSYBR! NO-ROX kit (Bioline) in duplicate. The rela-
tive levels of gene expressionwere normalized to the expression
level of actin. Melting curve analysis confirmed that all PCRs
produced a single product. The primers (forward/reverse) used
in real-time PCR were designed using Primer3 on line (RRID:
SCR_003139). Primers used are given in Table S2.

SDS-PAGE and immunoblot analysis

Purified mitochondria (25 !g) were resuspended in SDS
sample buffer and separated by SDS-gel electrophoresis on 10
or 12% Tris-glycine polyacrylamide gels. Proteins were trans-
ferred to a 0.45-!m polyvinylidene difluoride membrane (Mil-
lipore) and blocked with blocking buffer (0.5% BSA, 0.1%
Tween 20, 0.02% SDS in PBS). Representative Coq polypeptides
and loading control mitochondrial malate dehydrogenase
(Mdh1) were probed with rabbit polyclonal antibodies pre-
pared in blocking buffer at dilutions listed in Table S1. IRDye
680LT goat anti-rabbit IgG secondary antibody (LiCOR) was

used at a dilution of 1:10,000. Proteins were visualized using a
LiCOR Odyssey IR Scanner (LiCOR). Immunoblots are repre-
sentative of three replicates and were quantified by hand using
ImageStudioLite software normalized to Mdh1.

Two-dimensional Blue Native/SDS-PAGE immunoblot analysis
of high-molecular-weight complexes

2D-BN/SDS-PAGE was performed as described previously
(13, 65, 66). Briefly, 200 !g of purified mitochondria were sol-
ubilized at 4 mg/ml for 1 h on ice with 16 mg/ml digitonin
(Biosynth) in the presence of the protease and phosphatase
inhibitors used during mitochondrial isolation. Protein con-
centration of solubilizedmitochondria was determined by BCA
assay. NativePAGE 5% G-250 sample additive (Thermo Fisher
Scientific) was added to a final concentration of 0.25%. Solubi-
lized mitochondria (100 !g) were separated on NativePAGE
4–16% BisTris gels (Thermo Fisher Scientific) in the first
dimension, and native gel slices were further separated on 12%
Tris-glycine polyacrylamide gel in the second dimension. Fol-
lowing the second-dimension separation, immunoblot analyses
were performed as described above, using antibodies against
Coq4 and Coq9 at the dilutions indicated in Table S1. Molecu-
lar weight standards for BN gel electrophoresis and SDS gel
electrophoresis were obtained from GE Healthcare (Sigma-Al-
drich) and Bio-Rad, respectively.

Construction of low-copy COQ11 yeast expression vectors

Plasmids used in this study are described in Table 2. A low-
copy COQ11-containing plasmid was constructed using the
pRS316 low-copy empty vector. The COQ11 ORF and regions
corresponding to 842 bp upstream and 256 bp downstream
were cloned into pRS316 usingGibsonAssembly (NewEngland
Biolabs). Clones were sequenced by Laragen, and successful
clones were transformed intoWT andmutant yeast, along with
the corresponding empty vector (pRS316) control as described
above.

Revertant isolation

As reported previously, coq10 mutant growth deficiency on
nonfermentable carbon sources (YPEG) spontaneously revert
due to nuclear suppressionmutations (18). Here,W303 coq10$
yeast was grown on glucose to stationary phase, and %10 mil-
lion cells were plated on YPEG. After several weeks, a colony
began to appear on this medium. The colony was purified, and
its genome was sequenced.

Genome sequencing

TheWizard! genomic purification kit (Promega)was used to
extract total DNA from the parental respiratory-deficient
mutant W303 coq10$ and from the spontaneous revertant
W303 coq10rev. The DNA was quantified using the QUBIT
DNATMhigh-sensitivity assay, and 1 ng of the normalizedDNA
was tagged by the Nextera XTTM (Illumina) protocol. The
libraries were amplified and pooled as described (67). The
pooled libraries were subjected to sequencing with the Next-
SeqTM (Illumina) equipment in the Genome Investigation and
Analysis Laboratory of the Institute of Biomedical Sciences
at the University of Sao Paulo. The BWA Aligner tool,
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version 1.1.4 (Base Space Labs-Illumina), was used to align
!23,000,000 reads obtained fromeach strainwith the reference
genomes of S. cerevisiae. The alignments were compared using
the Integrative Genomics Viewer (Base Space Labs Illumina).

Statistical analyses

All data sets were tested for normality usingGraphPad Prism
7 with the Shapiro-Wilk normality test. Because a majority of
sets passed the normality test (!" 0.5), statistical analyses were
performed using GraphPad Prism 7 with parametric one-way
analysis of variance correcting for multiple comparisons using
Tukey’s test, comparing themean of each sample to themean of
its corresponding WT or empty vector control. The data show
the means # S.D., and the statistical significance as compared
with WT or empty vector control is represented by the follow-
ing: *, p$ 0.05; **, p$ 0.01; ***, p$ 0.001; and ****, p$ 0.0001.
The denotation ns indicates values with “not significant” differ-
ences from the corresponding control.

Data availability

The MS source data for determination of Q6 and Q6 inter-
mediates will be shared upon request. Please contact Catherine
Clarke at cathy@chem.ucla.edu. All remaining data are con-
tained within the article.
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A B S T R A C T   

The use of cosolvents to solubilize compounds under investigation while having minimal effects on enzyme 
activity is an important component in many biochemical studies. Predicting the effects of cosolvents on enzyme 
activity can be complicated, as enzymes with similar overall structures might exhibit different behaviors in 
different cosolvents. In this study, the effects of several commonly used cosolvents: Methanol, acetonitrile, 
acetone, and dimethyl sulfoxide (DMSO), on two cholinesterases, acetylcholinesterase (AChE) and butyr-
ylcholinesterase (BChE), were evaluated. Although the overall structures are highly similar, AChE activity was 
more sensitive to the organic cosolvents tested compared to BChE. Effects of the cosolvents on activity did not 
vary over time and activity was restored upon dilution of the cosolvent. Michaelis-Menten kinetics experiments 
showed that Vmax values were not substantially affected, while KM values increased up to ~20-fold for AChE and 
~4-fold for BChE in the presence of 5% DMSO or acetone. The results suggest that BChE demonstrates more 
robustness to its cosolvent environment compared to AChE, and that cosolvents effects may arise from the 
molecules acting as inhibitors. The results may aid decisions of cosolvents used in enzyme assays and may help 
guide experimental conditions and design when conducting experiments comparing different enzymes.   

1. Introduction 

The limited aqueous solubility of many organic compounds often 
presents a challenge in conducting biochemical studies. For example, 
small organic molecules designed as potential enzyme inhibitors often 
have limited solubility in water and this limitation can affect the scope 
of compounds investigated and/or conditions evaluated, e.g., Refs. 
[1–4]. To overcome this limitation, organic cosolvents, e.g., dimethyl 
sulfoxide (DMSO), methanol (MeOH), or acetonitrile (ACN), are often 
included in biochemical assays [5–9]. While organic cosolvents may 
help solubilize compounds, the cosolvents can affect enzyme activity 
and these changes can complicate comparing results from different 
studies when different cosolvents or cosolvent concentrations are used 
[6–10]. 

Herein, the effects for a series of cosolvents on cholinesterase activity 
were evaluated with a goal of assisting in the design of biochemical 
analyses. Cholinesterases were selected due to their proposed role in 
neurodegenerative diseases such as Alzheimer’s disease (AD), and the 
development of potent and specific inhibitors of these enzymes is an 

active area of research, e.g., Refs. [8,9,11,12]. Indeed, multiple studies 
have evaluated the effect of small molecules on the activity of the two 
main types of cholinesterases: Acetylcholinesterase (AChE) and butyr-
ylcholinesterase (BChE), and in these studies, several cosolvents have 
been used including acetone, acetonitrile, DMSO, and methanol 
[13–18]. While DMSO is an organic solvent commonly used in enzy-
matic studies, Kumar and Darreh-Shorri recently reported that DMSO 
was a mixed-competitive inhibitor of AChE [15]. In contrast to AChE, 
the authors also noted that the DMSO concentrations tested did not 
affect the activity of BChE. Building on the observations and noting the 
different cosolvents used in the literature for cholinesterase inhibition 
studies, we systematically evaluated and compared the effects of a series 
of organic cosolvents on AChE and BChE activity. Although the two 
cholinesterases share highly similar structures (~50% identity and a 
higher similarity; Fig. 1) [19–22] the results identified differences in the 
sensitivity of the enzymes to a series of cosolvents. The study may help 
guide the use of organic cosolvents in evaluating potential enzyme in-
hibitors and serve as the foundation for future investigations regarding 
the use of organic cosolvents in studying protein structure and function. 
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2. Materials and methods 

2.1. Materials 

All reagents were of the highest grade that could be obtained 
commercially (≥97%). Water (18.2 MΩ cm) was generated using a 
Barnstead Millipore Milli-Q water system and was used to prepare all 
buffers and aqueous solutions. Methanol, acetonitrile, acetone, and 
DMSO were from Fisher Scientific or Alfa Aesar and used without further 
purification. Acetylcholinesterase from Electrophorus electricus (AChE, E. 
C. 3.1.1.7) and butyrylcholinesterase (BChE, E.C. 3.1.1.8) from equine 
serum were obtained from Sigma-Aldrich (Catalog numbers: AChE: 
C3389; BChE: C7512). 

2.2. Determining the extinction coefficient in water-organic cosolvent 
mixtures 

The chromophoric indicator, 5,5′-dithiobis-(2-nitrobenzoic acid) 
(DTNB), was used to monitor enzyme activity [23]. The extinction co-
efficient of 5-thio-2-nitrobenzoic acid (TNB) in each water-organic 
cosolvent mixture was measured by determining the absorbance 
change upon adding a known concentration of reduced glutathione to 
DTNB. The reactions were conducted at 25 ◦C in 100 mM sodium 
phosphate, pH 7.5, 1 mM MgCl2, 0.2 mM DTNB, 1.2 μg/μL BSA, and 
varying concentrations of organic cosolvent. Reduced glutathione was 
added in varying concentrations leading to measured absorbance values 
at 412 nm of 0.1–0.8 upon quantitative reaction of glutathione with 
DTNB. The known concentrations of glutathione in the assay were then 
used to calculate the extinction coefficients using Beer’s law. 

2.3. Stock enzyme solution preparation 

Stock enzyme solutions were prepared to 7 mg/mL in double- 
distilled water and further diluted 40-400-fold immediately prior to 
assay. The varying dilutions were used to prepare starting enzyme so-
lutions of different concentrations. Active enzyme concentrations were 
estimated as described by Carletti et al. [18] using the previously re-
ported kcat values of 8.2 × 105 min−1 for AChE [24] and of 1.7 × 105 

min−1 for BChE [25]. Enzyme concentrations used in assays in the ab-
sent of cosolvents typically gave ΔAbs412 values of 0.4–1.0 min−1. 

2.4. Determining the relative effect of cosolvents on enzyme activity 

Activity measurements were performed based on the method of 
Ellman [23]. Reactions were conducted at 25 ◦C in 100 mM sodium 
phosphate, pH 7.5, 1 mM MgCl2, 0.2 mM DTNB, 1.2 μg/μL BSA, 100 μM 
butyrylthiocholine or 100 μM acetylthiocholine, and varying the 

cosolvent concentration. Reactions were initiated by adding enzyme 
(final concentrations of approximately 0.2–20 nM) and initial rates were 
determined by monitoring continuously at 412 nm. Relative activity was 
measured using a range of approximate enzyme concentrations to 
evaluate if the concentration affected the relative observed activity. As 
the molar absorptivity did not vary substantially under the cosolvent 
conditions tested, a molar absorptivity of 14,150 M−1cm−1 was used to 
calculate product formation without cosolvents and this value agreed 
with the molar absorptivity calculated using the method described 
above [26]. Relative activity was determined by dividing the initial rate 
for reaction in the presence of each cosolvent condition relative to the 
reaction without cosolvent. To evaluate if enzyme quantity affected 
relative activity measurements for the cosolvents, enzyme solutions of 
different concentrations were prepared immediately prior to the assays 
(dilutions over two orders of magnitude). Initial rates were determined 
by the recording absorbance change over 30–60 s with longer recording 
times for the lower enzyme concentrations. The absorbance changes 
remained linear over the length of the measurements and the relative 
activities in the presence of each cosolvent compared to reactions 
without cosolvents were indistinguishable for the different enzyme 
quantities. 

2.5. Determining if cosolvent effects are time dependent 

Measurements to evaluate if the cosolvent effects were time depen-
dent were conducted similar to the relative activity measurements. The 
enzyme was incubated in the presence of cosolvent using the same 
conditions as in section 2.4 except DTNB and the substrate was omitted 
(25 ◦C in 100 mM sodium phosphate, pH 7.5, 1 mM MgCl2, 1.2 μg/μL 
BSA and varying cosolvent concentrations). After the incubation time, 
an aliquot was removed and added to a solution containing DTNB, 
substrate, and 5% cosolvent. The final concentrations of DTNB and 
substrate were 0.2 mM and 0.1 mM, respectively. Initial rates were 
determined by continuously monitoring absorbance at 412 nm for 
30–60 s. The cosolvent concentration was maintained at 5% throughout 
the incubation and activity measurement. Relative activity was deter-
mined by plotting the activity in the presence of each cosolvent after the 
incubation time versus a control reaction incubated without cosolvent. 
The activity of the control reaction was unchanged over the time eval-
uated. A minimum of three determinations from independent experi-
ments were used to calculate the averages and standard deviations. 

2.6. Determining if cosolvent effects are reversible 

The enzyme was incubated in the presence of cosolvent using the 
same conditions as in section 2.4 except DTNB and the substrate was 
omitted (25 ◦C in 100 mM sodium phosphate, pH 7.5, 1 mM MgCl2, 1.2 
μg/μL BSA and 5% cosolvent). The samples were incubated at 25 ◦C for 
10 min before dilution to evaluate reversibility. Similar results were 
observed upon a 30-min incubation time. For the dilution, a solution 
containing 100 mM sodium phosphate, pH 7.5, 1 mM MgCl2, 1.2 μg/μL 
BSA, 0.2 mM DTNB, and 0.1 mM substrate was added. The final volume 
of the dilution was ~4 mL leading to a final concentration of ~0.02% 
cosolvent. After mixing, 1 mL was transferred to a cuvette, and the initial 
rates were determined by continuously monitoring absorbance at 412 
nm for 30–60 s. Relative activity was determined by the ratio of activity 
between a sample undergoing the incubation and dilution with cosol-
vent present compared to sample undergoing the same protocol in the 
absence of cosolvent. A minimum of three determinations from inde-
pendent experiments were used to calculate the averages and standard 
deviations. 

2.7. Determining Vmax, KM, and estimating KI values using Michaelis- 
Menten kinetics 

Michaelis-Menten kinetics measurements were performed based on 

Fig. 1. Superposition of AChE (green) and BChE (cyan) x-ray structures (PDB 
IDs: AChE 1C2B; BChE 1P0I). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

N.A. Novales and J.P. Schwans                                                                                                                                                                                                              



  

 186 

Analytical Biochemistry 654 (2022) 114796

3

the method of Ellman [23]. Reactions were conducted at 25 ◦C in 100 
mM sodium phosphate, pH 7.5, 1 mM MgCl2, 0.2 mM DTNB, 1.2 μg/μL 
BSA, and varying the substrate concentration, S-acetylthiocholine and 
S-butyrylthiocholine for reactions with AChE and BChE, respectively. As 
noted in section 2.4, observed inhibition from the cosolvents were un-
affected by the enzyme concentrations tested. Michaelis-Menten kinetics 
were conducted using an enzyme concentration to give an absorbance 
change of 0.4–0.8 min−1. The Vmax values were linear with the enzyme 
concentrations tested and were reproducible from different enzyme so-
lution preparations. The values of Vmax and KM were determined by 
fitting the initial rates of product formation as a function of substrate 
concentration to the Michaelis-Menten equation using KaleidaGraph 
(Synergy Software). A minimum of three determinations from inde-
pendent experiments were used to calculate the averages and standard 
deviations. A one-way ANOVA with Dunnett’s multiple comparisons test 
was performed using GraphPad Prism 8. KI values were estimated from 
the kinetics data using GraphPad Prism 8. 

2.8. Determining IC50 values 

Experiments to determine IC50 values were conducted similar to the 
Michaelis-Menten assays. A series of cosolvent dilutions in water was 
first generated. For each substrate concentration tested, reactions were 
conducted at 25 ◦C in 100 mM sodium phosphate, pH 7.5, 1 mM MgCl2, 
0.2 mM DTNB, 1.2 μg/μL BSA, and varying the cosolvent concentration. 
S-acetylthiocholine and S-butyrylthiocholine were the substrates for 
reactions with AChE and BChE, respectively. The initial rate of product 
formation was determined by monitoring the change in absorbance 
(412 nm) upon enzyme addition. The percent relative activity was 
determined by dividing the absorbance change slope for the reaction at 
each cosolvent concentration versus the reaction with the lowest 
cosolvent concentration. The activity at the lowest cosolvent concen-
trations were indistinguishable from reactions without cosolvent (a 
sample using a dilution of the cosolvent as the lowest concentration was 
used so the log of the cosolvent concentration could be plotted as the x- 
axis). The IC50 values were determined by plotting the relative activity 
versus the log of the cosolvent concentration and fitting the data using 
KaleidaGraph (Synergy Software). A minimum of three determinations 
from independent experiments were used to calculate the averages and 
standard deviations. 

3. Results and discussion 

3.1. Surveying the effect of 5% (vol/vol) organic cosolvent on AChE and 
BChE activity 

Cholinesterase activity is often assayed via a colorimetric assay using 
Ellman’s reagent [23,26]. In this experiment, enzymatic hydrolysis of a 
thiol-containing substrate such as S-acetylthiocholine or S-butyrylth-
iocholine generates a thiolate that undergoes a disulfide exchange re-
action with 5, 5′-dithiobis-(2-nitrobenzoic acid) (Ellman’s reagent; 
DTNB) generating 5-thio-2-nitrobenzoic acid (TNB). The change in 
absorbance at 412 nm due to TNB formation is monitored by absorbance 
spectroscopy and used to quantitate thiol concentration. As extinction 
coefficients are solvent dependent, changes in the TNB extinction coef-
ficient in the presence of different cosolvents could complicate com-
parisons between reactions in different solvents [27]. 

To evaluate the magnitude of variation in the TNB extinction coef-
ficient under the conditions tested, an experiment was first conducted to 
compare the observed absorbance and calculated extinction coefficients 
for reaction of Ellman’s reagent with a thiol compound in the presence 
of different cosolvents. Glutathione was used as the thiol source, as the 
reagent is readily available and provided easy access to preparing thiol- 
containing solutions. The absorbance change for reaction of an excess of 
Ellman’s reagent with glutathione was determined in the absence or 
presence of 5% of a cosolvent. As summarized in Supplementary Ma-
terial Table S1, the absorbance values varied <1% for samples with or 
without organic cosolvent (leading to variation in the calculated 
extinction coefficients of <1%). The results suggested that the same 
extinction coefficient can be used to determine relative enzyme activity 
in the presence of different cosolvents. 

With the ability to directly compare the absorbance change in 
presence of 5% cosolvent, enzyme activity was next evaluated with the 
inclusion of methanol, acetonitrile, acetone or DMSO. The cosolvents 
were selected, as they were previously used in cholinesterase assays 
[14–18]. All cosolvent concentrations are presented as vol/vol ratios in 
the cosolvent/water mixtures. 

As shown in Fig. 2, all cosolvents tested decreased AChE activity with 
methanol (MeOH) having the smallest effect and DMSO leading to the 
largest effect decreasing enzyme to ~10% of the activity in the absence 
of cosolvent. For BChE, no decrease in activity was observed in 5% 
methanol, but activity was reduced in the presence of the other cosol-
vents tested. To test if the concentration of the enzyme in the assay 
affected the results, the estimated enzyme concentration was varied over 
two orders of magnitude. Similar results were obtained suggesting that 
the observations are independent of the concentration of enzyme in the 

Fig. 2. Effect of 5% cosolvents on A) AChE and B) BChE activity. The values are from Table S2.  
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experiment. While a recent study using a pooled sample of human 
plasma BChE report 1–5% DMSO did not affect BChE activity [15], 
herein activity was reduced to ~40% of the activity in the absence of a 
cosolvent. Acetonitrile (ACN) and acetone also led to a decrease in BChE 
activity. Overall, while the effect of the cosolvents on BChE activity was 
less than AChE, except for methanol in the BChE reaction, each of the 
cosolvents tested affected enzyme activity. 

The greater sensitivity of AChE relative to BChE to organic cosol-
vents paralleled the results of Kumar and Darreh-Shorri where they 
tested enzyme activity in the presence of methanol, DMSO, acetonitrile, 
or acetone, but in this study a decrease in BChE activity was observed 
with most 5% cosolvent assays [15]. Several sources could account for 
the observation. In this study AChE from Electrophorus electricus and 
BChE from equine serum were used. The sources used herein were 
selected, as previous structural and functional studies have shown the 
enzymes are highly similar to the human forms, the enzyme sources 
have been used in previous biochemical studies, and the enzymes are 
commercially available at a substantially lower cost compared to the 
human enzymes. Differences in the sensitivity of BChE to organic 
cosolvents could be due to the enzyme source, preparation, or experi-
mental conditions. Nevertheless, in agreement with the literature the 
results suggest that AChE activity is more sensitive to organic 
cosolvents. 

3.2. Evaluating the effect of lower concentrations of organic cosolvents, 
1–2% (vol/vol), on AChE and BChE activity 

While a final cosolvent concentration of 5% generally reduces 
enzyme activity for AChE and BChE, studies have reported using lower 
concentrations of 1–2% cosolvent to solubilize the compounds analyzed. 
It is possible that the lower cosolvent concentrations have little effect on 
enzyme activity, thereby allowing ready comparison of results deter-
mined in the presence of different cosolvents. To test this possibility, the 
activity experiment was repeated with final cosolvent concentrations of 
1% or 2% (Table S2). The effects of the cosolvents on activity were less 
than shown in Fig. 2, but even with 1% DMSO AChE activity was 
decreased by 75% and BChE activity decreased by approximately 20%. 
Acetonitrile had a smaller effect on activity, as while AChE activity was 
decreased in the presence of the cosolvent, BChE activity was not 
affected by 1–2% acetonitrile. In contrast, acetone reduced activity by 
60% and 15% for AChE and BChE, respectively, even in the presence of 

1% cosolvent. Together, the results further support that AChE is more 
sensitive to organic cosolvents relative to BChE. 

3.3. Evaluating if cosolvent effects on activity vary over time for AChE 
and BChE 

Next, assays were conducted to evaluate if the effect of the cosolvent 
on activity changes over time, potentially complicating time-dependent 
enzyme inhibition experiments. The enzyme was incubated in the 
presence of 5% cosolvent without substrate or DTNB present. Aliquots 
were removed at varying timepoints, and activity was measured main-
taining 5% cosolvent in the assay. Control reactions without cosolvent 
present were performed concurrently and the reactions did not show a 
change in enzyme activity over the time course tested. The results are 
reported as relative activity (activity with cosolvent versus the absence 
of cosolvent). As shown in Table 1, the relative activity was unchanged 
for AChE and BChE in the presence of the cosolvents over the 1-h time 
course. The relative activity for the initial, 1-min timepoint was similar 
to experiments without preincubation, suggesting the enzyme activity 
was unchanged over the shortest incubation time relative to experiments 
without a preincubation period. As cholinesterase activity measure-
ments are often completed in 30–60 s and no change was observed up to 
1-h, longer time courses were not pursued. The time dependence was 
examined, as denaturation of the enzyme in the presence of the cosol-
vent or other physical changes could be time dependent. However, the 
results suggest that activity effects from the cosolvents do not have 
different time dependencies within the timeframe of many cholines-
terase inhibition assays. 

3.4. Evaluating if cosolvent effects on activity are reversible for AChE and 
BChE 

The reversibility of the effects of cosolvents on activity was next 
tested. If the organic cosolvents change the protein conformation and/or 
denature the enzyme, then it is possible that activity will not be restored 
upon removal of the cosolvent [10]. If the organic cosolvent interacts 
with the enzyme such as acting as an inhibitor, then removal of the 
cosolvent might restore enzyme activity. To evaluate these possibilities, 
the enzymes were incubated in the presence of a cosolvent and then 
diluted to reduce the concentration of the cosolvent in the reaction 
medium. The results summarized in Table 2 show that upon dilution the 
relative enzyme activity was similar for samples incubated in the pres-
ence of a cosolvent compared to a control reaction undergoing the same 
dilution protocol without cosolvent present. Similar results were ob-
tained for AChE and BChE suggesting that the cosolvent effects for the 
conditions tested were reversible. If the reduction in activity due to 
cosolvent results from partial denaturation of the enzyme, then the 
restoration of enzyme upon dilution suggests that the denaturation may 
be reversible. Another possibility is that the cosolvent is interacting as an 
inhibitor and the dilution reduces the concentration of this inhibitor. To 
test these possibilities and potential type of inhibition, 
Michaelis-Menten kinetics experiments were next conducted. 

Table 1 
Relative activity measurements over time in 5% cosolvent.   

Cosolvent 
AChE 

Time (min) 

1 2 5 10 30 60 

MeOH 0.74 ±
0.02 

0.75 ±
0.03 

0.76 ±
0.02 

0.73 ±
0.03 

0.80 ±
0.01 

0.71 ±
0.08 

ACN 0.25 ±
0.05 

0.25 ±
0.05 

0.25 ±
0.03 

0.24 ±
0.03 

0.26 ±
0.04 

0.26 ±
0.05 

Acetone 0.10 ±
0.01 

0.09 ±
0.01 

0.09 ±
0.01 

0.09 ±
0.01 

0.10 ±
0.02 

0.13 ±
0.04 

DMSO 0.06 ±
0.01 

0.06 ±
0.01 

0.06 ±
0.01 

0.06 ±
0.01 

0.06 ±
0.01 

0.06 ±
0.01  

BCHE  
Time (min) 

Cosolvent 1 2 5 10 30 60 

MeOH 1.08 ±
0.04 

1.09 ±
0.08 

1.11 ±
0.10 

1.13 ±
0.06 

1.11 ±
0.07 

1.15 ±
0.07 

ACN 0.78 ±
0.07 

0.79 ±
0.06 

0.78 ±
0.06 

0.81 ±
0.09 

0.77 ±
0.05 

0.79 ±
0.11 

Acetone 0.34 ±
0.03 

0.34 ±
0.03 

0.36 ±
0.03 

0.36 ±
0.02 

0.36 ±
0.04 

0.37 ±
0.03 

DMSO 0.42 ±
0.01 

0.38 ±
0.04 

0.44 ±
0.01 

0.39 ±
0.09 

0.45 ±
0.02 

0.45 ±
0.01  

Table 2 
Evaluating reversibility of cosolvent effects.  

AChE Rel. Activity After 
Dilution 

BChE Rel. Activity After 
Dilution 

No Cosolvent (1) No Cosolvent (1) 
MeOH 0.96 ± 0.04 MeOH 0.96 ± 0.02 
ACN 1.00 ± 0.04 ACN 0.93 ± 0.09 
Acetone 0.94 ± 0.08 Acetone 1.06 ± 0.10 
DMSO 0.96 ± 0.04 DMSO 0.98 ± 0.06  
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3.5. Evaluating the effect of organic cosolvents on Vmax and KM for AChE 
and BChE 

If a cosolvent is acting as a competitive inhibitor with the substrate, 
then in the simplest case the cosolvent is predicted to increase the KM 
value for the substrate without affecting Vmax. However, as noted above, 
Kumar and Darreh-Shori reported that DMSO is a mixed competitive 
inhibitor for human AChE [15]. To evaluate the type of inhibition and 
compare AChE and BChE for the different cosolvents, the values for Vmax 
and KM were determined in the presence of each organic cosolvent for 
the two enzymes. While kcat values can be useful for comparing enzyme 
activity between different studies, errors in concentration determination 
affect the calculated kcat values. Herein, the values are reported as Vmax, 
as although commercially available cholinesterases were used, potential 
impurities in the enzyme samples can affect concentration de-
terminations and calculations of kcat values. Nevertheless, comparing 
Vmax values provides the information needed to evaluate the type of 
inhibition and relative activity. 

The results from the kinetics measurements at 5% cosolvent are 
summarized in Fig. 3. This concentration was chosen as a change in the 
relative activity was observable in the presence of 5% cosolvent but the 
enzymes were active enough to allow reproducible kinetics 

measurements. Experiments were also conducted with 2% cosolvent and 
the results are summarized in Table S3. 

Methanol had little effect on the Vmax value for AChE, while aceto-
nitrile, acetone, and DMSO decreased Vmax. All the organic cosolvents 
tested had no observable or little effect on the Vmax values for BChE. In 
contrast, the KM values were increased in the presence of organic 
cosolvents. Acetone and DMSO had the largest effects on the KM values 
for AChE with an increase of approximately ten-fold. Although the 
changes were smaller for BChE compared to AChE, the KM value was 
approximately two-fold higher in the presence of acetonitrile, and 
approximately four-fold higher in the presence of acetone or DMSO. 
Smaller effects were observed if the cosolvent concentration was lower 
(2% versus 5%, Table S3). 

One model to account for changes in KM values upon cosolvent 
addition is that the cosolvent competes with the substrate as an inhibitor 
[28–30]. In the absence of substrate, water is expected to occupy the 
enzyme active site, and this water is likely displaced or reorganized 
upon substrate binding. Structures show the active sites of both AChE 
and BChE are lined with multiple hydrophobic residues and these resi-
dues could interact favorably with the hydrophobic portions of organic 
cosolvents [19–21]. Substrate binding occupies space in the active site 
likely displacing hydrophobic organic cosolvent. As the partitioning of 

Fig. 3. Michaelis-Menten results for A) AChE and B) BChE in 5% cosolvent. Reaction with no cosolvent is noted with the dash (−). MeOH = methanol; ACN =
acetonitrile. Values are from Table S3. The data show mean ± S.D., and the statistical significance as compared to reactions with no cosolvent is represented by *, p <
0.05; **, p < 0.001; and ****, p < 0.0001. 
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the substrate between bulk solvent and active site could be affected by 
competition between the substrate and solvent for the active site, the 
presence of different cosolvents could lead to the behavior observed like 
a competitive inhibitor. However, the changes in Vmax for the different 
cosolvents suggest that more complicated mixed competitive inhibition 
may be occurring. DMSO is the most polar cosolvent tested and had the 
largest effect, leading to a suggestion that less polar cosolvents may 
show a smaller effect. However, methanol and acetone have a similar 
polarity index and the enzymes were more sensitive to acetone. Addi-
tional studies beyond on the scope of this work are needed to further 
dissect the molecular basis for the cosolvent effects. Nevertheless, the 
results show greater effects on the KM value for the substrate compared 
to changes in Vmax, and larger effects for AChE compared to BChE. 

3.6. Comparing inhibition constant (KI) values and dose-response 
inhibition curves for organic cosolvents on AChE and BChE activity 

The kinetics data in the previous section allowed for estimation of 
the inhibition constant (KI) values. Kumar and Darreh-Shorri conducted 
a similar study for human recombinant AChE and reported estimated KI 
values of 4200, 360, 177, an 81 mM for methanol, acetonitrile, acetone, 
and DMSO [15]. The results for AChE from Electrophorus electricus AChE 
in this study summarized in Table 3 and Fig. S1 show similar estimated 
KI values compared to human recombinant AChE. Comparison to BChE 
shows that the BChE KI values are approximately 10-fold higher for 
acetonitrile and acetone and approximately 20-fold higher for DMSO as 
the cosolvent. The methanol KI value for BChE is shown as a limit due to 
the activity being unchanged across the methanol concentrations tested. 

IC50 values offer a useful approach to compare the relative inhibition 
for compounds under investigation. However, a potential complication 
when using IC50 values to evaluate inhibitors is that the values are 
dependent on substrate concentration. For the cholinesterases, Kumar 
and Darreh-Shorri reported IC50 values for DMSO inhibition of human 
recombinant AChE varied by ~2.5-fold across a 30-fold range of sub-
strate concentrations (0.3–1.0 mM) [15]. To test if a similar variation 

was observed for eel AChE and to compare to equine BChE, IC50 values 
were determined at several substrate concentrations. For this 
dose-response experiment, the substrate concentration was held con-
stant, and the percent inhibition was calculated using a series of cosol-
vent concentrations. The percent inhibition for each condition was then 
plotted versus the log of the cosolvent concentration to determine the 
IC50 value. 

The results summarized in Tables 4 and SI Figs. 2-3s how that for 
AChE the IC50 values generally increased ~2.5-3-fold over the substrate 
ranges tested. A similar trend might be observed for methanol, but as 
>50% enzyme activity was observed at the highest cosolvent concen-
tration tested (~5 mM) the value is represented as a limit. The IC50 
values for BChE showed a similar 3-4-increase in IC50 values from the 
lowest to the highest substrate concentration. Methanol IC50 values re-
ported as limits result from conditions where >50% activity remaining 
at the highest cosolvent concentration tested. 

As cosolvent concentrations in experiments are often reported in 
percentages (vol/vol) and not molarity, to provide a more ready com-
parison the average IC50 concentrations were converted to percentages 
cosolvent (Tables 4 and SI Figs. 2–3). The results show that even with 1 
mM substrate, ≤1% DMSO reduced AChE activity by 50% or greater. 
Acetonitrile and acetone also had pronounced effects on AChE activity 
with the lowest IC50 percentages of 1.6 and 0.5%, for acetonitrile and 
acetone, respectively. In contrast, the lowest methanol IC50 value was 
~8%, a value below the 1–2% cosolvent often used in inhibition studies. 

The cosolvent IC50 values for BChE were higher than those for AChE. 
However, at the lower substrate concentrations tested, ~2% cosolvent 
for acetone and DMSO reduced enzyme activity by ~50%. BChE was less 
sensitive to acetonitrile concentrations, and BChE activity was largely 
unaffected by the methanol concentrations tested. Overall, the results 
parallel the relative activity measurements summarized in Fig. 2. AChE 
is more sensitive to cosolvents than BChE. When comparing the same 
concentration of cosolvent, DMSO has the largest effect followed by 
acetone, acetonitrile, and methanol. 

4. Conclusions 

The effects of organic cosolvents on enzyme activity have been an 
important experimental consideration in biochemical studies and has 
been of long-standing interest in studying enzyme activity [5]. Organic 
cosolvents in enzymatic reactions have also received attention in the 
application of biocatalytic reactions where enzymes can be used in 
synthetic organic chemistry [31–34]. This widespread interest has led to 
the investigation of the effects of numerous organic cosolvents on 
different enzymes and with varying techniques. Here, a primary goal of 

Table 3 
Estimated KI values from Michaelis-Menten experiments.  

Cosolvent AChE 
~KI (mM) 

BChE 
~KI (mM) 

MeOH 4500 >4500 
ACN 420 3400 
Acetone 145 1100 
DMSO 80 1650  

Table 4 
IC50 values at different substrate concentrations.  

AChE 

Substrate conc. (mM) MeOH ACN Acetone DMSO 

IC50 (mM) (%) IC50 (mM) (%) IC50 (mM) (%) IC50 (mM) (%) 

0.03 1910 ± 113 7.7 309 ± 64 1.6 68 ± 8 0.5 35 ± 3 0.2 
0.06 2130 ± 161 8.6 308 ± 47 1.6 67 ± 7 0.5 44 ± 3 0.3 
0.12 2580 ± 223 10.4 342 ± 50 1.8 75 ± 7 0.6 48 ± 3 0.3 
0.25 3460 ± 273 14.0 418 ± 66 2.2 98 ± 8 0.7 66 ± 3 0.5 
0.5 5300 ± 242 21.4 549 ± 90 2.9 151 ± 1 1.1 87 ± 6 0.6 
1.0 >5000 >20 730 ± 110 3.8 229 ± 20 1.7 133 ± 9 0.9 

BChE 
Substrate conc. (mM) MeOH ACN Acetone DMSO  

IC50 (mM) (%) IC50 (mM) (%) IC50 (mM) (%) IC50 (mM) (%) 

0.03 >5000 >20 618 ± 161 3.2 197 ± 37 1.5 229 ± 17 1.6 
0.06 >5000 >20 706 ± 215 3.7 239 ± 50 1.8 274 ± 33 1.9 
0.12 >5000 >20 1350 ± 513 7.1 305 ± 53 2.3 404 ± 38 2.9 
0.25 >5000 >20 1580 ± 643 8.3 426 ± 94 3.2 594 ± 66 4.2 
0.5 >5000 >20 1820 ± 678 9.5 606 ± 132 4.5 860 ± 54 6.1 
1.0 >5000 >20 1900 ± 797 9.9 789 ± 114 5.8 752 ± 97 5.3  
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this study was to evaluate and compare cosolvent effects for two en-
zymes of similar structures to aid in developing experimental protocols. 

Overall, the results suggest that while the two enzymes have similar 
structures, AChE is more sensitive to organic cosolvents relative to 
BChE. As noted in the Introduction, AChE and BChE share ~50% 
identity. Building on this structural comparison, a structural similarity 
search showed that other esterases such as cholesterol esterase and 
cocaine esterase share ~30–40% structural identity with the cholines-
terases [35,36]. A potential future direction may be to evaluate the ef-
fects of organic cosolvents on other esterases with similar structure and 
cholinesterase activity to determine if their behavior is similar to AChE 
or BChE [37]. 

While raising potential complications in assaying inhibitors, the re-
sults may also help guide future experiments in evaluating the effects of 
cosolvents on enzyme activity. As noted above, DMSO was the most 
polar cosolvent tested and had the largest effect. However, solvents 
suggested to have similar polarities such as acetone and methanol had 
different effects on enzyme activity. Evaluating a series of structurally 
similar compounds such as a series of alcohols may help to better 
determine the contribution of polarity on inhibition. 

Overall, the results highlight potential complexity in identifying 
conditions for screening of potential therapeutics across different en-
zymes and note that the organic cosolvent of interest may have differing 
effects of enzymes of similar structure. As organic cosolvents are often 
an important and necessary component of enzyme characterization and 
inhibition studies, their effects on activity can be accounted for by 
control experiments to account for different effects on enzymes even 
with nearly superimposable structures. 
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Abstract: Coenzyme Q (CoQ) is a vital lipid that functions as an electron carrier in the mitochondrial
electron transport chain and as a membrane-soluble antioxidant. Deficiencies in CoQ lead to metabolic
diseases with a wide range of clinical manifestations. There are currently few treatments that can
slow or stop disease progression. Primary CoQ10 deficiency can arise from mutations in any of
the COQ genes responsible for CoQ biosynthesis. While many mutations in these genes have
been identified, the clinical significance of most of them remains unclear. Here we analyzed the
structural and functional impact of 429 human missense single nucleotide variants (SNVs) that give
rise to amino acid substitutions in the conserved and functional regions of human genes encoding
a high molecular weight complex known as the CoQ synthome (or Complex Q), consisting of the
COQ3–COQ7 and COQ9 gene products. Using structures of COQ polypeptides, close homologs, and
AlphaFold models, we identified 115 SNVs that are potentially pathogenic. Further biochemical
characterizations in model organisms such as Saccharomyces cerevisiae are required to validate the
pathogenicity of the identified SNVs. Collectively, our results will provide a resource for clinicians
during patient diagnosis and guide therapeutic efforts toward combating primary CoQ10 deficiency.

Keywords: coenzyme Q; ubiquinone; primary CoQ deficiency; mitochondrial disease; single nu-
cleotide variants; Missense3D; COQ genes

1. Introduction

Coenzyme Q (CoQ), also known as ubiquinone, is a redox-active lipophilic molecule
required for cellular respiration. Its structure consists of a tetra-substituted benzoquinone
ring and includes a lipid-anchoring polyisoprenyl tail of variable unit-length (CoQn, n = ten
isoprene units in humans, CoQ10) [1]. In the mitochondria, CoQ functions as an electron
carrier in metabolic processes, such as oxidative phosphorylation, fatty acid �-oxidation,
and choline metabolism [1,2]. In its oxidized form, CoQ accepts electrons from Complex I,
Complex II, and many other mitochondrial dehydrogenases, producing its reduced form,
ubiquinol (CoQH2), which donates electrons and protons to Complex III [1–3]. In addition,
CoQH2 serves as a general lipophilic antioxidant [4–6] that has been implicated in protection
from lipid autoxidation [7,8], and regeneration of vitamin E [9], another small molecule
antioxidant. More recently, CoQH2 has also been identified as having a role in ferroptosis
suppression [10,11].

In humans, the biosynthesis of CoQ begins with 4-hydroxybenzoic acid (4-HB), a
tyrosine derivative [12] (Figure 1A). The bulk of CoQ biosynthesis occurs in the mitochon-
drial matrix, where at least thirteen nuclear-encoded COQ polypeptides (PDSS1, PDSS2,
COQ2-COQ7, COQ8A (ADCK3), COQ8B (ADCK4), COQ9, COQ10A, and COQ10B) re-
side in or are peripherally associated with the inner mitochondrial membrane (IMM) [13]
(Figure 1B). In addition, ferredoxin Yah1 (human homolog FDX1 and FDX2) and ferredoxin
reductase Arh1 (human homolog FDXR) from Saccharomyces cerevisiae have been shown
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to be important for CoQ biosynthesis through the monooxygenation step performed by
Coq6, although the involvement of their human homologs in CoQ biosynthesis has not
been demonstrated [14]. The PDSS1 and PDSS2 polypeptides catalyze the formation of the
decaprenyl diphosphate tail characteristic of CoQ10, and COQ2 attaches the tail to 4-HB [15].
The PDSS1/PDSS2 complex and the COQ2 polypeptides appear to work independently.
Polypeptides COQ3–COQ7 and COQ9 assemble into a high molecular weight complex,
termed the CoQ synthome (or complex Q), which has been confirmed by mass spectrom-
etry [16] and co-purification methods [17–20]. COQ8A and COQ8B are reported to have
dynamic interactions with the remaining protein components [16]. Similarly in yeast, while
the Coq8 polypeptide is necessary for CoQ synthome assembly [21,22] and co-purified
with the Coq6 polypeptide [23], fluorescence microscopy of yEGFP-tagged Coq8 reveals
the protein is dispersed throughout the mitochondria, forming few domain-like patterns,
unlike the remaining polypeptides in the core complex that specifically reside in discrete
puncta [24]. In addition to protein components, this CoQ synthome in yeast and complex
Q in human cells also contains lipid intermediates and small molecule ligands [23–27].

Mutations in the genes encoding COQ polypeptides lead to primary CoQ10 deficiency,
as they directly affect the biosynthesis of CoQ. This rare condition is typically caused by
autosomal recessive mutations and often results in highly variable clinical manifestations,
ranging from isolated pathologies, such as in the kidneys or central nervous system (CNS),
to a fatal multi-system disorder [28–30]. The high variability may be attributed to discrepan-
cies in genetic backgrounds, variable tissue-specific expression levels, and a varying degree
of pathogenicity for each mutation. Systems and tissues generally impacted by primary
CoQ10 deficiencies include the CNS, heart, peripheral nervous system (PNS), kidneys, and
muscles. Some rarer manifestations can involve the lungs, liver, thyroid, and more general
metabolic or cardiovascular disorders [28,29]. To date, there are approximately 200 patients
with primary CoQ10 deficiency described in the literature, spanning mutations in ten
of fourteen genes encoding COQ polypeptides [28,29]. Additionally, secondary CoQ10
deficiencies can result from aging or treatment with statins and have also been linked to mu-
tations in genes such as APTX (aprataxin), BRAF (B-Raf), ETFDH (mitochondrial electron
transfer flavoprotein-ubiquinone oxidoreductase), and MUT (methylmalonyl-CoA mutase),
that are not directly linked to the biosynthesis of CoQ10 [1]. Currently, the only treatment
for CoQ10 deficiency is exogenous CoQ10 supplementation. However, therapeutic benefits
of exogenous supplementation are limited due to the extreme hydrophobicity and low
bioavailability of CoQ10 [31]. Supplementation with CoQ10 may slow or stop the progres-
sion of disease but cannot reverse the damage already incurred in the patient [30]. In cases
of early intervention in patients diagnosed with CoQ10 deficiency-associated nephropa-
thy, CoQ10 supplementation has been shown to be remarkably effective in resolving the
nephrotic syndrome, underscoring the significance of prompt intervention [32].
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Figure 1. Biosynthesis of coenzyme Q. (A) The CoQ biosynthetic pathway is largely homologous
between S. cerevisiae (polypeptide names above arrows) and humans (polypeptide names below
arrows). In humans, at least seven nuclear-encoded catalytic proteins are directly responsible for the
biosynthesis of CoQ from 4-hydroxybenzoic acid (4-HB), a tyrosine derivative. The enzyme(s) respon-
sible for the decarboxylation and hydroxylation step(s) (dashed arrows) at ring position 1 has not been
found. Hence, there is uncertainty about the order of steps. The decarboxylation step may precede
the Coq6/COQ6 hydroxylation step based on the accumulation of 4-hydroxy-3-polyprenylphenol
(4-HP) in yeast and human cells harboring mutations in Coq6/COQ6 data from [14,33,34]. In addition
to the yeast Coq and human COQ polypeptides, other polypeptides involved in CoQ biosynthesis
include PDSS1 and PDSS2 (decaprenyl diphosphate synthase subunits 1 and 2), Yah1 (yeast ferre-
doxin), Arh1 (yeast ferredoxin reductase), FDX1 and FDX2 (human ferredoxins 1 and 2), and FDXR,
human ferredoxin reductase. Intermediates in the pathway include: DMAPP, dimethylallyl py-
rophosphate; IPP, isopentenyl pyrophosphate; HPB, 3-polyprenyl-4-hydroxybenzoic acid; DHPB, 4,5-
dihydroxy-3-polyprenylbenzoic acid; HMPB, 4-hydroxy-5-methoxy-3-polyprenylbenzoic acid; DHP,
4,5-dihydroxy-3-polyprenylphenol; DDMQH2, 2-methoxy-6-polyprenyl-1,4-benzohydroquinone;
DMQH2, 2-methoxy-5-methyl-6-polyprenyl-1,4-benzohydroquinone; DMeQH2, 3-methyl-6-methoxy-
2-polyprenyl-1,4,5-benzenetriol. Note that the intermediates found in S. cerevisiae contain a hexaprenyl
tail, while humans make decaprenylated CoQ10 intermediates. (B) The CoQ synthome (Complex Q in
humans) is a high-molecular mass protein and lipid complex data from [1], consisting of polypeptides
COQ3-COQ9. The PDSS proteins (homologous to S. cerevisiae Coq1), COQ2, and the lipid-binding
proteins COQ10A and COQ10B do not associate with the complex. Colored hexagons indicate CoQ
intermediates; white hexagons indicate the final CoQ product. Polypeptides for which the human
protein structures have been solved are highlighted in pink. The COQ8A/COQ8B polypeptides are
thought to have a dynamic association with complex Q. Polypeptides are not drawn to scale and
their stoichiometry has not been determined.
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In this study, we utilized exome and genome sequencing data of large populations, as
well as clinical variants reported in the literature and the NCBI ClinVar database [35] to
generate a comprehensive list of missense single nucleotide variants (SNVs) found in genes
encoding the core CoQ synthome or complex Q (COQ3–COQ7 and COQ9). The COQ8A
and COQ8B genes were excluded due to their aforementioned dynamic interactions with
the core complex. We structurally and functionally characterized variants that occurred in
conserved and functional regions of the protein, using multiple sequence alignment and
structural analyses with available models and crystal structures. In addition, clinically
reported variants and those with high allele frequency were also included in our analyses.
Our final list consisted of 429 variants compiled from gnomAD [36], ClinVar, Missense3D-
DB [37], as well as the published research literature. We predicted the pathogenicity of each
variant using the Missense3D mutation classifier, which relies purely on structural infor-
mation and local structural changes [38]. When an experimentally determined structure
was not available, as is often the case for the COQ polypeptides, Missense3D presented
the advantage of being able to make predictions based on computational models such as
those generated by AlphaFold [39]. This is in contrast to other classifier methods, including
SIFT [40] and Polyphen-2 [41], that rely on evolutionary conservation and a mixture of
sequence- and structure-based predictive features, respectively. In total, Missense3D identi-
fied 115 variants that are structurally damaging and potentially pathogenic. Confirmation
of these predictions will require biochemical characterization in model systems, such as
Saccharomyces cerevisiae. The results presented will provide a resource for clinicians with
the aim of guiding efforts toward the treatment of primary CoQ10 deficiency.

2. Materials and Methods

2.1. Multiple Sequence Alignment
All human COQ polypeptide and orthologous sequences were obtained from NCBI

GenBank Release 246.0 [42]. Multiple sequence alignments were generated using the
ClustalW package of Clustal Omega [43] and visualized with Jalview2 [44]. Residues were
classified as highly conserved if the percent agreement at that position was higher than 80%,
as calculated by the built-in feature of Jalview and indicated by a dark blue shading in the
sequence alignment. Prior biochemical characterization and crystal structure of Escherichia
coli ubiquinone biosynthesis O-methyltransferase UbiG (the COQ3 ortholog) was used to
determine the functional regions in human COQ3 (PDB: 4KDC and 5DPM) [45,46]. Molecu-
lar genetic analyses of S. cerevisiae Coq4 were used to determine the potential zinc-liganding
residues in human COQ4 [47]. Apoenzyme (apo; PDB: 4OBX) and AdoMet-bound (PDB:
4OBW) form of S. cerevisiae Coq5 crystal structures were used to determine homologous
residue functionality in human COQ5 [48]. Functional residues in human COQ6 were
determined using an S. cerevisiae Coq6 model [49]. Prior biochemical characterization, a
structural model, and a recent structure of human COQ7 were used to identify the func-
tional regions of COQ7 [50–52]. Prior biochemical characterization, crystal structures, and
molecular dynamics simulations were used to outline the functional residues in COQ9
(PDB: 6AWL and 6DEW) [50,52].

2.2. Analysis of Single Nucleotide Variants
Human SNVs occurring in the canonical transcripts, as reported in NCBI RefSeq [53]

for COQ3–COQ7 and COQ9, were gathered from gnomAD v2.1.1 [36], NCBI ClinVar [35],
Missense3D-DB v1.5.1 [37], and available literature. Only SNVs that resulted in a missense
variant were analyzed. In addition, a filter was applied to retain variants that occur in
highly conserved (see Section 2.1) or functional amino acid positions. Variants documented
in the ClinVar database or literature, as well as variants with an allele frequency larger than
1.00 ⇥ 10�4 as reported in gnomAD v2.1.1 (labeled as “Frequent Polymorphisms”), were
also included in our analysis. Finally, exonic variants that are within two nucleotides of a
splice site were included as variants of potential interest. Since the Missense3D-DB had
already published variant classification using the crystal structure of COQ9, any variant that



  

 197 

Antioxidants 2022, 11, 2308 5 of 57

was reported as structurally damaging in the database was also included in our analysis,
regardless of amino acid position or conservation.

The selected variants were classified with three mutation classifiers, each using a
different algorithm. Missense3D (http://missense3d.bc.ic.ac.uk/missense3d/, accessed
on 30 March 2022) reports deleteriousness based on local structural feature changes that
may be destabilizing [38]. SIFT (https://sift.bii.a-star.edu.sg/, accessed on 30 March 2022)
scores variants as “Tolerated” or “Deleterious” based on evolutionary conservation [40].
Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/, accessed on 30 March 2022) uses a
Naïve Bayes classifier to report the likelihood of a mutation being damaging based on a
combination of sequence- and structure-based criteria, whenever structures are available.
Variants are scored as “Benign”, “Possibly Damaging”, and “Probably Damaging” [41].
Default settings were used whenever applicable. Results and interpretations from the three
mutation classifiers can be found in Supplemental Table S1. The pipeline for SNV selection
and classification is illustrated in Figure 2.

 

Figure 2. Schematic diagram of the overall approach used in this study.

2.3. Missense3D Analysis
Selected variants were submitted to the Missense3D online server for analysis of struc-

tural impact. For COQ3–COQ7, all variants were analyzed using the structural predictions
of the human protein obtained from the AlphaFold Protein Structure Database [39,54]. For
COQ9, variants occurring in regions modeled by its crystal structure (PDB 6AWL) were
assessed using the crystal structure, while the remaining variants were assessed using their
AlphaFold models. AlphaFold models used in this study include Q9NZJ6 (COQ3), Q9Y3A0
(COQ4), Q5HYK3 (COQ5), Q9Y2Z9 (COQ6), Q99807 (COQ7), and O75208 (COQ9). Struc-
tures were visualized using PyMOL (PyMOL Molecular Graphics System, Version 2.4.2,
Schrödinger, LLC, New York, NY, USA).

3. Results

3.1. COQ3
COQ3 is an S-adenosyl-L-methionine (AdoMet)-dependent methyltransferase that cat-

alyzes both O-methylation steps in CoQ biosynthesis in both S. cerevisiae and humans [55–57].
Namely, it is responsible for the conversion of DHPB to HMPB as well as the last step in
CoQ biosynthesis, DMeQH2 to CoQH2 (Figure 1A). Overexpression of human COQ3 has
been shown to rescue the growth CoQ biosynthesis of respiratory deficient coq3D yeast [56].
COQ3 and its yeast homolog are required for synthome stabilization, as partial knockdown
of COQ3 in human cells results in a significant decrease in the levels of COQ4–COQ9, with
the exception of COQ5 [58]. This result is corroborated by studies in yeast harboring a
deletion in COQ3 [59]. Interestingly, Coq3 is stable in coq4–coq9 null mutant yeast strains
studied in the presence of phosphatase and protease inhibitors, and its level is depen-
dent on Coq8 [21,59]. There are currently no crystal structures available for eukaryotic
homologs of COQ3. Structures are available for the orthologous O-methyltransferase
UbiG from E. coli, which shares 34% sequence identity with human COQ3 and is part
of a soluble ubiquinone/menaquinone biosynthetic complex [60]. Crystal structures of
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the apo and S-adenosyl-L-homocysteine (AdoHcy)-bound UbiG monomer have guided
subsequent biochemical characterizations and confirmed its seven �-strand Rossmann-fold
structure [45,46].

To date, there have not been reported cases of primary CoQ10 deficiency associated
with mutations in the COQ3 gene [28–30], and pathogenic SNVs have not been identified.
The lack of clinical data is echoed in yeast studies, which have primarily focused on COQ3
gene deletions. As a result, no point mutations conferring pathogenic effects have been
characterized in yeast. However, COQ3 gene expression was found to be upregulated in
esophageal squamous cell carcinoma and was associated with poor prognosis, hinting at a
potentially unique role of COQ3 in humans [61,62].

From gnomAD, ClinVar, and Missense3D-DB, we identified 44 missense SNVs of
interest (Figure 3; Supplemental Table S1; see Section 2.2 for the selection criteria). Of these
variants, 29 coincided with a highly conserved region or functional residue determined from
structural and biochemical studies, as well as analyses of sequence conservation [45,46,63].
Sixteen SNVs occurring in highly conserved or functional residues were classified as
structurally damaging by Missesense3D. Twelve additional variants from gnomAD that
were neither highly conserved nor functional residues were included due to their notable
allele frequency. Interestingly, three of these frequent variants were also classified as
structurally damaging. V202M was the only variant listed in ClinVar, although its clinical
significance was “Likely Benign”. Finally, a total of four variants were marked as potential
splice site variants in addition to their apparent amino acid sequence change. Since the effect
on splicing may be confounding, this group of variants was not subjected to extensive study.

 

Figure 3. Cont.
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Figure 3. Labeled and annotated multiple sequence alignment of COQ3. Amino acid sequences
of COQ3 were analyzed as described in Materials and Methods and include Homo sapiens (NCBI
accession number NP_059117.3) and homologs in Saccharomyces cerevisiae (NP_014545), Drosophila
melanogaster (NP_610092.2), Danio rerio (NP_001002620.1), Mus musculus (NP_766275.1), Rickettsia
prowazekii (WP_004596275.1), Schizosaccharomyces pombe (NP_588239.2), Escherichia coli (NP_416735.1),
and Pseudomonas aeruginosa (WP_003122245.1). See KEY for descriptions of the figure annotations.
Putative AdoMet binding residues are denoted by a blue dot, and residues thought to interact with
the cell membrane in E. coli UbiG are denoted by a purple dot, data from [45,46]. A pair of co-evolving,
highly conserved, and structurally nearby histidines may be involved in metal ion coordination
(orange dot), data from [63]. Methyltransferase motifs I, post-I, II, and III are boxed in cyan data
from [56,64]. The putative membrane-interacting hydrophobic region is boxed in red, data from [45].
For all multiple sequence alignments, conservation is indicated via shaded residues, which represent
a percent identity great than 80%, 60%, and 40%, from darkest to lightest. Residues with less than
40% identity are unshaded.

The human COQ3 model was obtained from the AlphaFold Protein Structure Database
(Figure 4) [39,54]. The core structure of the model consists of eight ↵-helices (as rendered
by the AlphaFold 3D viewer) and eight �-sheets, flanked by long disordered regions on the
N- and C-termini. The overall structure of the model aligned well with the crystal structure
of AdoHcy-bound (PDB: 5DPM; Figure 5A) and apo E. coli UbiG (PDB: 4KDC; Figure A1).
Four sequence motifs shared among class I methyltransferases, motifs I–III and post-I, each
form a �-strand that aligns the residues in the AdoMet binding pocket (Figure 5B) [64,65].
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In addition to the conserved Rossmann fold structure, the UbiG/COQ3 family contains
a hydrophobic stretch of ten residues (residues 270–279 in the human COQ3 sequence)
that is thought to interact with the membrane in UbiG [46]. An isolated helix linked to the
hydrophobic region is visible in the COQ3 model, while this region was truncated in the
crystal structure of UbiG (Figure 5A) [46]. This region is thought to act as a gate to the
AdoMet binding pocket, which is consistent with its position in the model (Figure 5B) [46].
However, it is not clear how this putative membrane interaction helix is compatible with
the recent structure of the soluble Ubi metabolon [66].

Figure 4. AlphaFold model of human COQ3. Model color corresponds to model confidence in each
region. Very high confidence in dark blue (pLDDT > 90); confident in light blue (90 > pLDDT > 70);
low confidence in yellow (70 > pLDDT > 50); very low confidence in orange (pLDDT < 50). pLDDT is
a measure of per-residue confidence. pLDDT < 50 is a reasonably strong predictor of disorder for the
corresponding residue. Figure was generated by the AlphaFold Protein Structure Database; adapted
with permission from [39,54].
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Figure 5. Alignment of AlphaFold-generated model of human COQ3 with existing E. coli UbiG
crystal structure. (A) Superimposition of the human COQ3 model (residues 91–336, shown in dark
green), adapted with permission from [39,54], and the crystal structure of AdoHcy-bound E. coli
UbiG (shown in magenta, PDB: 5DPM). The N- and C-termini of the model were omitted due to low
confidence. Note that this and subsequent figures about COQ3 were generated using PyMOL, which
classifies a short-coil region as a helix (top left of figure). This gives a total of nine helices as opposed
to eight rendered in Figure 4. (B) Human COQ3 model with conserved methyltransferase motifs I–III
and post-I highlighted in cyan and the hydrophobic region in red. AdoMet (shown in light green)
was modeled via structural alignment with PDB 5DPM using PyMOL.

3.1.1. SNVs in Methyltransferase Motifs I and Post I
Motif I (residues I150 to G1158) is found in the first �-strand followed by a Gly-rich

loop that extends into the putative AdoMet binding site of COQ3 (Figure 6A) [65]. It closely
resembles the nine-residue consensus sequence, with two aliphatic residues followed by a
(D/E) (V/I) GXGXG motif [64]. The backbone carbonyl of the G66 in E. coli in this motif
(G156 in humans) has been shown to form a hydrogen bond with the amino group of
AdoHcy in UbiG (PDB: 5DPM) [46].

 

Figure 6. SNVs found in motifs I and post I of COQ3. (A) Motifs I (right �-strand and loop, residues
I150 to G1158) and post I (left �-strand, residues V171 to D175) highlighted on residues 91–336 of the
COQ3 model. N- and C-termini were truncated for simplicity. (B) Locations of SNVs in motifs I and
post-I are depicted. Residues are colored according to their corresponding SNVs in Figure 3.
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There are three SNVs of interest in this region, all of which occur on highly conserved
residues (Figures 3 and 6B). D152G from gnomAD maps to the �-strand region, which is
critical for the alignment of AdoMet binding residues. Missense3D classifies this variant
as structurally damaging due to the replacement of a buried charge and the loss of a
buried hydrogen bond. These disruptions may lead to destabilization of the core structure
and more profound changes to the CoQ synthome. G156C and G157R were reported in
Missense3D-DB and gnomAD, respectively. These two SNVs map to the flexible Gly-rich
loop. Missense3D classifies both variants as structurally damaging due to the replacement
of buried Gly residues. In addition, G156C was flagged for altering the buried/exposed
status of this residue position, which likely refers to the mutant Cys residue protruding
into the AdoMet binding site. G157R, on the other hand, introduces a buried charge in
proximity with the putative docking region of the amino and carboxyl groups of AdoMet.
Indeed, mutating the homologous residue in yeast, G133, to an Ala resulted in partial
suppression of respiratory growth and significantly reduced CoQ levels, despite stable
expression of the polypeptide [63]. Taken together, these two variants likely affect cofactor
binding and enzyme activity.

Motif post-I (V171 to D175) is part of the second �-strand that contains a short stretch
of hydrophobic residues followed by a highly conserved acidic residue (Figure 6A) [65]. The
acidic residue in E. coli UbiG, D85 (D175 in humans) was shown to form hydrogen bonds
with the O20 and O30 hydroxyl groups on the ribose ring of AdoHcy in the crystal structure
of UbiG (PDB: 5DPM), while residue M86 (P176 in humans) immediately following motif
post-I interacts with the adenine ring [46]. D175N is the only SNV of interest in this region
(Figures 3 and 6B). This variant was classified as structurally damaging by Missense3D due
to the replacement of a buried charge, which may disrupt the aforementioned interactions
with the ribose ring.

3.1.2. SNVs in Methyltransferase Motifs II and III
Motif II, roughly E214 to A221, maps to residues immediately preceding and including

the fourth �-strand (Figure 7A). The sequence of motif II is not as well conserved among
COQ3 homologs, although one highly conserved Asp is thought to make contact with
motif I (Figure 3) [65]. Aliphatic residues following this Asp mark the start of �4, which
leads to a loop containing residues forming a hydrophobic environment for the adenine
ring of AdoHcy in UbiG [46]. In addition, this region following motif II is thought to
interact with the methyl group in AdoMet as well as the substrate, giving it a possible role
in determining substrate specificity [65,67]. This hypothesis is supported by coevolution
studies of UbiG/COQ3, in which residue position 196 in yeast Coq3 (222 in humans) was
shown to coevolve in other methyltransferases but was distinct in Coq3 and E. coli UbiG.
One additional residue of interest downstream is H227 in human COQ3. Its homologous
residue in UbiG, H134, was shown to be required for growth in E. coli, and in the Arabidopsis
thaliana small RNA 20-O-methyltransferase HEN1 the homologous residue was described
as magnesium-binding [45,68]. Mutating this residue to an Ala in yeast (H201A) completely
destabilized the polypeptide [63]. In motif II and the loop following it, there are four SNVs
of interest in highly conserved or functional residues, all of which were reported in gnomAD
(Figures 3 and 7B). D217A immediately preceding �4 was, while highly conserved, not
classified as damaging by Missense3D due to the residue being solvent-exposed in the
model. S222F, E223K, and V224F are located in the loop following �4. S222 and V224
are thought to bind the amino group and the adenine ring of AdoMet, respectively, by
homology with E. coli UbiG (M129 and M131) [46]. However, only V224F was classified
as structurally damaging due to a change in cavity size, likely referring to the binding
pocket for the adenine ring of AdoMet. S222F and E223K were also solvent-exposed in the
model, which resulted in their classification as neutral despite their disruption of hydrogen
bonds or salt bridges. In yeast, an Ala mutation in the homologous position of E223
completely destabilized the Coq3 polypeptide and disrupted respiratory growth. Coq4
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was also destabilized as a consequence [63]. This strongly suggests that all three variants in
the loop are likely disruptive.

 

 

Figure 7. SNVs found in motifs II and III of COQ3. (A,C) Residues 91–336 of the COQ3 model with
E214 to A221 as motif II (A) and V241 to I250 as motif III (C) are highlighted. (B,D) Locations of SNVs
in motif II and nearby residues (B) and motif III (D) are depicted. N- and C-termini were truncated
for simplicity. Residues are colored according to their corresponding SNVs in Figure 3.

Motif III (V241 to I250) lies on the fifth �-strand as well as the loop and parts of the helix
preceding it (Figure 7C). This loop is essential for the alignment of the methyltransferase
motifs and consists of Pro and Gly residues to facilitate the turn [65]. GnomAD reported
two SNVs, K243I and P244S, in highly conserved residues of this motif (Figure 7D). Neither
SNV was classified as structurally damaging by Missense3D. However, it is worth noting
that these SNVs occur near a splice junction and may therefore result in more profound
changes to protein expression in addition to changes in protein sequence.

3.1.3. SNVs in the Membrane Interacting Hydrophobic Region
Previous studies demonstrated that a region consisting of several hydrophobic and

basic residues in E. coli UbiG and human COQ3 is required for their interaction with
liposomes containing cardiolipin [45]. Furthermore, mutating multiple residues in this
region to Ala resulted in reduced growth in E. coli [45]. In the human COQ3 model, this
region can be seen mapping to a linker connecting an isolated ↵-helix to the core structure
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(Figure 8A). This is consistent with a model in UbiG in which this region acts as a gate to
the binding site of the AdoMet cofactor [46]. Upon binding to the membrane, this helix is
thought to dissociate from the core structure, allowing the cofactor to diffuse into the active
site. Mutating residues in and preceding this region to disrupt its interaction with the core
structure indeed resulted in enhanced binding of AdoHcy [46]. Nevertheless, it is worth
noting that there are key differences in CoQ biosynthesis in E. coli and humans. UbiG is
part of a soluble complex in the cytosol, while COQ3 is part of a membrane-associated
complex in the mitochondrial matrix [60]. Implications of this membrane interaction in
human COQ3 have not been investigated. Its preferential binding to liposomes containing
cardiolipin, a unique component of the inner mitochondrial membrane, suggests a similar
cofactor gating role in human COQ3. Meanwhile, a more recent coevolution study of the
UbiG/COQ3 family identified the His residue at the end of this region (H279 in humans,
H254 in yeast) as coevolving with the putative metal binding H201 in yeast (H227 in
humans) [63]. The close proximity of the two His residues in our model supports an
alternative role of metal binding. However, the functional significance of this region in
human COQ3 remains unelucidated.

 

Figure 8. SNVs found in the membrane interacting hydrophobic region of COQ3. (A) Residues I270
to H279 are highlighted on residues 91–336 of the COQ3 model. N- and C-termini were truncated
for simplicity. (B) Locations of SNVs in the hydrophobic region are depicted. Residues are colored
according to their corresponding SNVs in Figure 3.

In this region, we have identified seven variants spanning five residue positions
from gnomAD and Missense3D-DB (Figure 8B). S272G, S272R, and V274I all coincide with
residues known to affect liposome binding in UbiG when mutated [45]. Interestingly, S272G
is a frequent polymorphism with an allele frequency of 8.45 ⇥ 10�1, suggesting that this
variant may be benign. V274I was classified as structurally damaging by Missense3D due
to changes in cavity size, which likely refers to the active site of COQ3. This classification
suggests a possible change in either substrate or cofactor binding and therefore activity.
G227S, G227V, G227D, and T278I were not tested in UbiG, although the high conservation
suggests functional importance. All three variants occurring on G227 were classified as
damaging by Missense3D due to disallowed phi/psi angle.

3.1.4. Frequent Polymorphisms in COQ3
In this study, we have defined “frequent polymorphism” as a variant having an allele

frequency larger than 1.00 ⇥ 10�4. There are 12 such variants found in COQ3 that do
not fall into the previously described functional regions. Most of them occur in regions
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of poor conservation such as the N- and C-termini. Two variants, Y329H and K134E,
stand out with their exceptionally high allele frequency of 9.84 ⇥ 10�1 and 3.03 ⇥ 10�1,
respectively. Interestingly, Y329H, located on �7, was classified as structurally damaging
by Missense3D due to the introduction of a buried charge. However, given the large
number of homozygotes that result from its allele frequency, this variant is unlikely to be
detrimental. Two additional variants, G348E (allele frequency 8.14 ⇥ 10�4) and E365D
(allele frequency 6.07 ⇥ 10�4), were classified as structurally damaging. The former was
flagged for replacement of a Gly residue in a bend, which may affect the flexibility of the
region. The latter was flagged for steric clash, which may be an artifact of the Missense3D
program since the region is disordered.

3.2. COQ4
COQ4 has not been characterized as having an enzymatic function, though it appears

to play an important structural role in organizing the CoQ synthome [13]. Human tran-
scripts encode two COQ4 isoforms; isoform 2 lacks both the first exon and the mitochondrial
leader sequence and fails to rescue yeast coq4 null mutants [69]. The polypeptide encoded
by COQ4 isoform 1 complements coq4 null mutant yeast [69]. This demonstrates conserved
functionality across species as well as the power of S. cerevisiae as a model organism to
study human COQ4 mutations [69]. Human COQ4 is located within mitochondria [69], as
is the yeast Coq4 polypeptide that is peripherally associated with the matrix side of the
IMM [70].

The first structure determined for a COQ4 homolog, the Alr8543 polypeptide from
Nostoc sp. (PDB: 3KB4), revealed a geranylgeranyl monophosphate bound between hy-
drophobic helices. However, PDB: 3KB4 is now obsolete and has been replaced with PDB:
6E12. The Alr8543 protein in the more recent 6E12 structure is in complex with two magne-
sium ions. Both Mg2+ ions are associated with a conserved HDXXH-(X)10–13-E signature
motif required for COQ4 functionality and is similarly considered to chelate a zinc ion [47].
Mutations in the human COQ4 gene are associated with primary CoQ10 deficiency and
with several disease states including a range of neurological afflictions, cardiomyopathy,
and respiratory distress [29].

From gnomAD, ClinVar, Missense3D-DB, and literature, we identified 97 missense
SNVs of interest (Figure 9; Supplemental Table S1). Of these variants, 60 coincided with a
highly conserved region or functional residues, as determined from the multiple sequence
alignment as well as structural studies with Alr8543. Of 22 variants classified as structurally
damaging by Missense3D, 18 were contained within a highly conserved or functional
region. From the ClinVar database and published research literature, 15 missense SNVs
were determined to be either pathogenic or likely pathogenic. Four of these pathogenic
or likely pathogenic variants were identified by Missense3D to be structurally damaging.
Fifteen additional variants from gnomAD were included as frequent polymorphisms. In-
triguingly, three of these frequent polymorphisms were identified in the research literature
as deleterious. G124S (allele frequency of 1.13 ⇥ 10�4) has been identified as a founder
mutation in the southern Chinese population [71]. Another, E161D (allele frequency of
6.03 ⇥ 10�3) was found in a patient who suffered from primary CoQ10 deficiency and
later died from rhabdomyolysis [72,73]. A third, R240C (allele frequency of 1.79 ⇥ 10�4),
occurred in a patient with progressive spasticity, motor impairment, and ataxia [74]. This
patient harbored biallelic variants of COQ4 (P193S and R240C), and individual tests of
these alleles of human COQ4 in yeast showed that neither variant could rescue a coq4 yeast
mutant [74].
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Figure 9. Labeled and annotated multiple sequence alignment of COQ4. Amino acid sequences
of COQ4 were analyzed as described in Materials and Methods and include Homo sapiens (NCBI
accession number NP_057119.3) and homologs in Saccharomyces cerevisiae (NP_010490.1), Drosophila
melanogaster (NP_730270.1), Danio rerio (NP_001108192.1), Mus musculus (NP_848808.1), Schizosac-
charomyces pombe (NP_593130.1), Aspergillus puulaauensis (XP_041555109.1), and Marasmius oreades
(XP_043005754.1). See KEY for descriptions of the figure annotations. The metal ligand motif is boxed
in cyan, and putative residues that ligand the metal ions are denoted by a blue dot, data from [47].

The human COQ4 model was obtained from the AlphaFold Protein Structure Database
(Figure 10A) [39,54]. The per-residue model confidence is shown in Figure 10A. A structural
alignment of the human COQ4 AlphaFold model with the PDB 6E12 structure of the Alr8543
polypeptide, a COQ4 homolog from Nostoc sp., is shown in Figure 10B.
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Figure 10. Comparison of the COQ4 AlphaFold model and the structure of Alr8543. (A) AlphaFold
model of single chain of COQ4. Model color corresponds to model confidence as described in
Figure 4. Figure was generated by the AlphaFold Protein Structure Database; adapted with permission
from [39,54]. (B) Structural alignment of the human COQ4 AlphaFold model (shown in dark red)
and Chain B of the crystal structure of Alr8543 protein (shown in salmon, PDB: 6E12) in complex
with oleic acid (shown in cyan), Mg2+ (shown in green), and Cl� (shown in yellow). Residues 1–44 of
the AlphaFold model were omitted due to disordered structure.

3.2.1. SNVs in the Metal Liganding Motif
The amino acid sequence of COQ4 contains the highly conserved HDXXH-(X)11-E

motif indicative of a metal ligand [47]. While the function and identity of the metal ligand
remain unknown, it has been hypothesized that the ligand is sensitive to the redox state
of mitochondria. Mutations in this region may destabilize coordination of the metal and
CoQ synthome formation [47]. The motif spans residues H163 to E179 (Figure 11A). In the
Alr8543 structure, the analogous E136 in the conserved HDXXH-(X)11-E motif ligands one
Mg2+ ion (Figure A2). H124, the second H residue of the motif, forms an interaction with E.
The D121 of this motif in Alr8543 ligands the second Mg2+ ion.

There are four SNVs reported in Missense3D-DB that occur at highly conserved
residues within the metal-liganding motif: D164N, H167Y, G178E, and E179K (Figure 11B).
Of these, D164, H167, and E179 correspond to residues predicted to ligand the metal ion.
D164 is proposed to be analogous to the Mg2+ ion-liganding D121 in Alr8543 (Figure A2).
H167 is proposed to be analogous to H120 in Alr8543, which stabilizes interactions with
E136 that ligands the Mg2+ ion. E179 is proposed to be analogous to E136, which ligands
the second Mg2+ ion in Alr8543 (Figure A2). A homologous point mutation of E179K in
Coq4 of S. cerevisiae was unable to form the high molecular mass CoQ synthome [47]. Three
SNVs in this region, D164N, H167Y, and G178E, were identified by Missense3D as being
structurally damaging. None of these mutations have a reported clinical association on
ClinVar.

The most common flags generated by Missense3D relate to the change or introduction
of a buried charge, such as at D164 and H167. Such changes may destabilize the tertiary
structure of COQ4 and may also affect the ability of COQ4 to interact with metal ligands.
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Figure 11. SNVs found in the putative COQ4 metal-liganding motif. (A) The metal-liganding motif
(encompassing residues H163 to E179) is highlighted in red on the COQ4 model. (B) Locations
of SNVs are depicted. Structural alignment of Alr8543 and COQ4 identifies the metal-liganding
motifs in COQ4. Metal ions and oleic acid were obtained from this structural alignment. Residues
are colored according to their corresponding SNVs in Figure 9. Mg2+ ions are designated as green
spheres and Cl� in yellow. Oleic acid is represented by the cyan structure.

3.2.2. COQ4 Haploinsufficiency
Salviati et al. first identified the COQ4 gene as being haploinsufficient [75]. This

property is unusual because heterozygous carriers harboring a mutation in one of the
other COQ genes are generally described as asymptomatic and produce normal levels of
CoQ. COQ4 haploinsufficiency was confirmed in both fibroblast and yeast cell models [75].
Intriguingly, one of the SNVs identified as a frequent polymorphism (E161D, Figure 11B)
was detected as a heterozygous mutation in a patient with CoQ10 deficiency who had
minor mental retardation and died of rhabdomyolysis [72,73]. Correction of the sequence
variant in a cell culture model with CRISPR-mediated editing rescued the CoQ-deficient
phenotype [73]. It is tempting to speculate that the haploinsufficiency of COQ4 may be
related to its putative role in “scaffolding” the CoQ synthome, as proteins that serve
analogous functions appear to be sensitive to changes in gene dosage [76].

3.3. COQ5
COQ5 is an AdoMet-dependent C-methyltransferase and a component of the CoQ syn-

thome [18,77]. It is required for the conversion of DDMQH2 to DMQH2 in both S. cerevisiae
and humans (Figure 1A) [18,78,79]. The human protein has been shown to rescue Coq5-
deficient yeast that harbor stable but inactive Coq5 polypeptides, and it can also rescue coq5
null mutants that overexpress Coq8 [18,80]. COQ5 is thought to be crucial for the stability
of the synthome, as yeast lacking Coq5 are CoQ-less, respiratory-deficient, and do not form
an intact synthome [59,80,81]. Partial knockdown of COQ5 in human cells corroborates
the findings observed in yeast coq5 mutants and supports the crucial role of COQ5 in
CoQ synthome formation and CoQ biosynthesis [20]. Crystal structures of the apo and
AdoMet-bound yeast Coq5 dimers have been determined [48], revealing its seven �-strand
Rossmann fold structure typical of the most common class I methyltransferases [64,82].
These crystal structures, in addition to known methyltransferase motifs [64], have helped
elucidate the AdoMet and substrate-binding pockets as well as key residues involved in
protein dimerization.

To date, only three patients with a mutation in COQ5 have been documented. These
related patients carried a 9590-bp duplication of the last four exons and part of the 30 UTR
of COQ5, resulting in an elongated 30 UTR. They were deficient in CoQ10 and exhibited
symptoms exclusive to the central nervous system, including encephalopathy, intellec-
tual disability, ataxia, and cerebellar atrophy. The clinical outcome of long-term CoQ10
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supplementation on these patients was equivocal [83]. Meanwhile, pathogenic SNVs in
the COQ5 gene have not been identified, although yeast studies have identified point
mutations affecting the activity and stability of the Coq5 polypeptide, all of which resulted
in respiratory deficiency [80].

From gnomAD, ClinVar, and Missense3D-DB, we identified 88 missense SNVs of
interest (Figure 12; Supplemental Table S1). Of these variants, 76 coincided with a highly
conserved region or functional residue, which were determined from the multiple sequence
alignment as well as structural studies on yeast Coq5 [48]. All 24 variants classified as
structurally damaging by Missense3D were contained in this group. In addition, ten
variants from gnomAD that did not occur in highly conserved or functional residues
were included as frequent polymorphisms. None of these variants were predicted to be
structurally damaging.

The human COQ5 model was obtained from the AlphaFold Protein Structure Database
(Figure 13) [39,54]. Compared to the crystal structure of AdoMet-bound yeast Coq5 (PDB:
4OBW) and apo yeast Coq5 (PDB: 4OBX), this model consisted of an additional ↵-helix
N-terminal to the core structure, which was not visible in the yeast Coq5 crystal structure
(Figures 14A and A3) [48]. The ↵3 of the human COQ5 model is extended compared to that
of the yeast Coq5 structure and is followed by a loop region containing a shorter helix. This
region reflects an insert that spans residues 134–164, found exclusively in vertebrate species
(Figure 12). The core seven �-strand structure, as well as the AdoMet and substrate-binding
pockets, remain largely similar. In addition to their conserved three-dimensional structure,
each of the four methyltransferase motifs (motifs I-III and post-I) in COQ5 approximately
correspond to one �-strand connected to loops that make up the AdoMet binding site
(Figure 14B) [64,65].

 

Figure 12. Cont.
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Figure 12. Labeled and annotated multiple sequence alignment of COQ5. Amino acid se-
quences of COQ5 were analyzed as described in Materials and Methods and include Homo sapi-
ens (NCBI accession number NP_115690.3) and homologs in Saccharomyces cerevisiae (NP_013597.1),
Caenorhabditis elegans (NP_498704.1), Escherichia coli UbiE (YP_026260.1), Pseudomonas aeruginosa UbiE
(NP_253750.1), Drosophila melanogaster (NP_572865.1), Arabidopsis thaliana (NP_200540.1), Danio rerio
(NP_001004541.1), Gallus gallus (NP_001006194.1), Mus musculus (NP_080780.1), and Schizosaccha-
romyces pombe (NP_587834.1). See KEY for descriptions of the figure annotations. Functional residues
(dotted) were determined from the yeast Coq5 crystal structure (data from [48]). Methyltransferase
motifs I, post-I, II, and III are boxed in cyan (data from [18]). An insert exclusively found in vertebrate
species is boxed in red. Note that W243 in S. cerevisiae (aligned to S263 in the human sequence) is
the residue involved in dimerization based on the crystal structure. However, since all other species
in the multiple sequence alignment have a Tyr insertion at that position, Y262 was chosen as the
functional residue instead due to its similar aromatic nature.

 
Figure 13. AlphaFold model of the COQ5 monomer. Model color corresponds to model confidence
as described in Figure 4. Figure was generated by the AlphaFold Protein Structure Database; adapted
with permission from [39,54].
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Figure 14. Alignment of AlphaFold-generated model of human COQ5 with existing yeast Coq5
crystal structures. (A) Superimposition of the human COQ5 model (shown in orange), adapted with
permission from [39,54], and the crystal structure of AdoMet-bound yeast Coq5 (shown in blue, PDB:
4OBW). The first 47 residues of the AlphaFold model, which contains a disordered region with low
confidence, were omitted for clarity. (B) Human COQ5 model with conserved methyltransferase
motifs I-III and post-I highlighted in cyan and vertebrate insert in red. AdoMet (shown in green)
was modeled via structural alignment with the crystal structure of AdoMet-bound yeast Coq5 using
PyMOL.

3.3.1. SNVs in Methyltransferase Motifs I and Post-I
The first of the four motifs, motif I, is a Gly-rich motif that makes up the first �-

strand followed by an extended turn (Figure 15A) [65]. The homologous residue of T117
within this motif (S122 in yeast) has been shown to interact with the amino group of
AdoMet in yeast Coq5, while the remaining residues line the AdoMet binding pocket (PDB:
4OBW) [48]. Mutations occurring in this region, which roughly corresponds to residues
L110 to D119, may affect the binding of the AdoMet cofactor and therefore enzyme activity.
In total, we identified seven SNVs of interest spanning five distinct amino acid positions in
this motif, all of which occur on highly conserved residues (Figures 12 and 15B). D112N,
D112H, G116S, G118S, and D119G were reported in Missense3D-DB, and all but D119G
were classified as structurally damaging by Missense3D. These point mutations may result
in the loss of stabilizing interactions within the protein or with the cofactor, as well as the
loss of buried Gly residues, which may destabilize the extended turn. L111F and G118D
were reported in gnomAD, with G118D having an unknown clinical significance in ClinVar.
G118D was classified as structurally damaging due to similar reasons as the previous group
of variants, while L111F was neutral. In yeast, a G120R point mutant, homologous to G115
in human COQ5, was found to be structurally stable but catalytically inactive [80], further
supporting the Missense3D classifications. However, it is worth noting that the two SNVs
at position 118, G118S and G118D, flank the splice sites between exons 2 and 3 on the 50

and 30 ends, and may affect splicing in addition to protein structure.
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Figure 15. SNVs found in motif I and post-I of COQ5. (A) Motif I (lower �-strand, residues L110 to
D119) and post-I (upper �-strand, residues V167 to D171) highlighted on the COQ5 model. The first
47 residues were truncated for simplicity. (B) Locations of SNVs in motifs I and post-I are depicted.
Residues are colored according to their corresponding SNVs Figure 12.

After motif I, the second �-strand is partially composed of motif post-I, which contains
a highly conserved acidic residue responsible for interacting with the hydroxyl groups on
the ribose ring of AdoMet (Figure 15A) [48,65]. We have defined motif post-I as residues
V167 to D171, although flanking residues I172 and N173 are also highly conserved. There
are two particular SNVs of interest in the motif post-I region found in gnomAD, namely
D171G at the conserved acidic residue and I172S adjacent to it, both of which extend into
the AdoMet binding pocket and are annotated as AdoMet-binding (Figures 12 and 15B).
These mutations likely abolish interaction with the ribose ring of AdoMet, but were not
classified as damaging by Missense3D due to the residues being solvent-exposed in the
binding pocket of the model.

3.3.2. SNVs in Methyltransferase Motifs II and III
Motif II (D206 to I215) is located in the fourth �-strand (Figure 16A), where residues

K209 to D211 are thought to make extensive contacts with motifs I and III to help align
the methyltransferase domain [65]. Residues immediately after motif II form a loop that
extends into the AdoMet and substrate-binding pockets. This loop region includes A216
and V222, which are homologous to yeast Coq5 residues interacting with AdoMet, as well
as R220 and N221, which are thought to interact with the substrate, DDMQH2 [48]. In
motif II and the loop that follows it, there are 15 SNVs of interest spanning eight distinct
amino acid positions, all of which are highly conserved (Figures 12 and 16B). D207G, A216V,
A215V, R220L, and N221S were reported in Missense3D-DB, although all of them were
classified as neutral by Missense3D except for R220L. From gnomAD, we identified variants
D207E, D207N, T214S, T214A, I215T, F217L, R220P, R220W, R220Q, and T223I. Of these,
T214A, R220P, R220W, and R220Q were classified as deleterious by Missense3D. The most
common flags pertain to the loss of buried charges, residue-residue interactions, as well as
a change in cavity size (R220). Cavity size likely refers to a change in the substrate binding
pocket and is likely to result in a loss of activity. In yeast Coq5, the introduction of G199D
(the residue homologous to G218 in human COQ5) resulted in a structurally stable but
catalytically inactive mutant that was respiratory-deficient [80], suggesting that mutations
in this region are likely pathogenic.



  

 216 

Antioxidants 2022, 11, 2308 24 of 57

Figure 16. SNVs found in motifs II and III of COQ5. (A) Motif II (upper �-strand, residues D206 to
I215) and motif III (lower �-strand, residues V235 to F242) highlighted on the COQ5 model. The first
47 residues were truncated for simplicity. (B,C) Locations of SNVs in motif II (B) and motif III (C) are
depicted. Residues are colored according to their corresponding SNVs in Figure 12.

Motif III (V235 to C244) and the residues preceding it are located in a coil that becomes
�-strand five (Figure 16A). The residues in this coil are responsible for aligning the residues
in �5 and the active site [65]. From gnomAD, we identified five SNVs of interest spanning
four distinct amino acid positions in this region (Figures 12 and 16C). They are R234Q,
R234W, P238R, G240E, and R241W, all of which are highly conserved, with the exception of
R241W, which is a frequent polymorphism (allele frequency of 4.21 ⇥ 10�4). Only G240E
was classified as damaging by Missense3D.

3.3.3. SNVs on the Dimerization Interface
The dimerization interface, as determined from the crystal structures of the yeast Coq5

dimer (PDB: 4OBX and 4OBW), consists of hydrophobic residues homologous to M86, L88,
I90, L254, L258, Y262, V266, I267, V269, L270, V273, I274, A275, T315, and I318 [48]. We
identified a total of seven SNVs spanning six unique amino acid positions (Figure 17A).
Among them, L254F, L254P, V273L, A275T, and T315I were found in gnomAD, while I90V
and I318V were found in Missense3D-DB (Figure 17B). None of these variants were flagged
as damaging by Missense3D, as the mutant residues were often hydrophobic. It is worth
noting that all seven SNVs would appear as surface residues in the COQ5 model, which
does not include an oligomeric structure. The effectiveness of Missense3D is limited in this
region; thus, we have also provided the SIFT and Polyphen-2 classifications (Supplemental
Table S1).
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Figure 17. SNVs found in the COQ5 dimerization interface. (A) The dimerization interface of COQ5
largely consists of hydrophobic residues located on the ↵6 helix (left highlight). The first 47 residues
were truncated for simplicity. (B) Locations of SNVs are depicted. Residues are colored according to
their corresponding SNVs in Figure 12.

3.3.4. Additional SNVs in Potentially Significant Regions
Two additional regions on COQ5 are worth noting. The first is an insert roughly

located at residues K135 to G163, which is found exclusively in vertebrate species. A
BLAST search comprising the amino acid sequence of this region gave no significant
hits [84]. Three SNVs with allele frequency larger than 1.00 ⇥ 10�4 are found in this region:
Q139H, A152T, and D160G (Figure 18A). A152T was estimated to have an allele frequency
of 1.18 ⇥ 10�1 by gnomAD, the most common among all missense SNVs found in the
COQ5 coding region. While none of these variants were classified as structurally damaging
by Missense3D, this region may have evolved new functions, such as protein-protein
interactions, that may be affected by these mutations. The second region of interest is
the C-terminus of COQ5. Previous studies in yeast have identified a Coq5 point mutant
located four residues away from the C-terminus. This mutant resulted in a partially active
enzyme that resulted in a decrease in the steady-state levels of Coq3, Coq4, and Coq5,
as well as respiratory deficiency [80]. The underlying cause of this phenotype is unclear,
although it does suggest that the C-terminus of COQ5 may play a key role in stabilizing
Coq5, whether it be through residue-residue interactions or some other means. Two SNVs,
H322N and H322D, are found in this region, located just six amino acids away from the
C-terminus (Figure 18B). Residue H322 was predicted to interact with Q294 by Missense3D.
Both variants were classified as damaging, for reasons related to the loss of buried charges
and hydrogen-bonding interactions.
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Figure 18. SNVs found in other potentially significant regions of COQ5. Locations of SNVs are
depicted in (A) the vertebrate insert (left, residues K135 to G163) , and (B) in the C-terminus (right,
residues V319 to L327). Residues are colored according to their corresponding SNVs in Figure 12.

3.4. COQ6
COQ6 is characterized as a class A flavoprotein monooxygenase with a tightly bound

FAD cofactor [33,85,86]. However, unlike typical flavin-dependent monooxygenases which
receive electrons directly via an NAD(P)H coenzyme, NAD(P)H instead delivers electrons
to yeast Coq6 via ferredoxin Yah1 (FDX1 and FDX2 are human homologs) and ferredoxin
reductase Arh1 (FDXR is a human homolog) [13]. It is not yet known if human homologs
FDX1, FDX2, and FDXR perform the same electron transfer roles for COQ6. Coq6 is pe-
ripherally associated with the IMM and is responsible for the addition of a hydroxyl group
to the C5 position on the CoQ ring precursor, converting HPB to DHPB (Figure 1A) [33].
While both humans and yeast use 4-HB as a ring precursor for CoQ biosynthesis, yeast cells
also utilize para-aminobenzoic acid (pABA) as a ring precursor to CoQ [87]. Ozeir et al.
showed that yeast Coq6, in addition to hydroxylating C5, is also able to deaminate the ring
C4 position on the intermediate derived from pABA [88]. Yeast coq6 null-mutants accumu-
late 3-hexaprenyl-4-hydroxybenzoic acid (HHB) and 3-hexaprenyl-4-aminobenzoic acid
(HAB) [13,89]. Yeast coq6 point mutants that express a stable but inactive Coq6 polypep-
tide accumulate 3-hexaprenyl-4-hydroxyphenol (4-HP6) [33]. The equivalent intermediate,
4-HP10, has also been observed to accumulate in human cells harboring a COQ6 disrup-
tion [34]. This finding indicates that the C1-decarboxylation and C1-hydroxylation steps
can occur prior to the C5-hydroxylation step (Figure 1A). Resolving the order of steps
will require an in vitro assay for Coq6 and would also benefit from identification of the
enzyme(s) that mediate the decarboxylation and hydroxylation at C1. Expression of hu-
man COQ6 partially complements yeast lacking Coq6, demonstrating the usefulness of
S. cerevisiae as a model organism to study human COQ6 mutations [90].

Mutations in the human COQ6 gene are associated with primary CoQ10 deficiency
and are further associated with several disease states, predominantly steroid-resistant
nephrotic syndrome (SRNS) and sensorineural hearing loss (SNHL) [29,91–93]. Impor-
tantly, supplementation with either 3,4-dihydroxybenzoic acid (3,4-diHB) or vanillic acid
(VA) partially restores CoQ biosynthesis in yeast coq6 null mutants expressing human
COQ6 genes harboring pathogenic mutations; such a bypass of the C5-hydroxylation step
with VA or 3,4-diHB also occurs when yeast coq6 null mutants overexpress Coq8 [33,90].
Supplementation with VA may provide a potential avenue of treatment for patients with
CoQ10 deficiency due to mutations in the COQ6 gene. However, clinical trials are required
to determine both the safety and efficacy of this “bypass” therapy.

Drovandi et al. list 48 patients who likely have pathogenic mutations in COQ6 [91].
While mutations in COQ6 are rare, they result in severe disease phenotypes across multiple
physiological systems. A report by Perrin et al. detailed a case study of a Turkish patient
born to consanguineous parents with a missense mutation in COQ6 [94]. The patient



  

 219 

Antioxidants 2022, 11, 2308 27 of 57

presented with end-stage renal failure at five years old and subsequently received an organ
transplant. At 17 years old, the patient presented with sudden loss of vision. Genetic
analysis of the COQ6 gene revealed the presence of the SNV A353D. The younger brother of
this patient harbored the same homozygous mutation and presented with primary CoQ10
deficiency with SRNS and SNHL. Replacement therapy with idebenone (a hydrophilic short-
chain CoQ10 analog) began at an earlier age for the second patient. Doimo et al. expressed
the human A353D mutation, amongst others, in S. cerevisiae coq6 at the corresponding
residue A361 [90]. Results indicated that the mutation was hypomorphic, as yeast were
viable but showed decreased growth on medium containing a nonfermentable carbon
source. A recent study indicates that clusters of the A353D occur in Kazak, Turkish, and
Iranian populations, and show a comparatively later disease onset [91]. In contrast, patients
with a variant that is predominant in the Middle East (G255R), present with early disease
onset, severe phenotype, and higher odds of mortality [91]. Further mutagenesis studies
using yeast can help to elucidate the effects of mutations found in patients. In addition
to the 13 known pathogenic mutations in COQ6, there have also been several reported
heterozygous SNVs that may confer deleterious consequences.

From gnomAD, ClinVar, Missense3D-DB, and literature we identified 82 missense
SNVs of interest (Figure 19; Supplemental Table S1). Of these variants, 55 SNVs coincided
with a highly conserved or functional residue, determined from the multiple sequence align-
ment and from structural studies on yeast, respectively [49]. Identification of functional
residues was performed by in silico prediction of substrate-access tunnels and protein-
cofactor interactions [49]. Residues predicted to be functional were subsequently corrobo-
rated by site-directed mutagenesis and in vivo functional assays in the yeast model [49]. Of
the 27 variants classified as structurally damaging by Missense3D, 21 overlapped with the
group of highly conserved or functional residues (Figure 19). From the ClinVar database,
seven missense variants were determined to be pathogenic or likely pathogenic. Of those
seven variants, three were identified by Missense3D to be structurally damaging. There
were 18 SNVs in gnomAD identified as frequent polymorphisms. Intriguingly, one of the
frequent polymorphisms T446M (allele frequency of 1.70 ⇥ 10�4) was identified as being
structurally damaging by Missense3D.

 

Figure 19. Cont.
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Figure 19. Labeled and annotated multiple sequence alignment of COQ6. Amino acid se-
quences of COQ6 were analyzed as described in Materials and Methods and include Homo sapi-
ens (NCBI accession number NP_872282.1) and homologs in Saccharomyces cerevisiae (NP_011771.1),
Schizosaccharomyces pombe (NP_595401.2), Escherichia coli UbiH (NP_417383.1), Escherichia coli UbiF
(NP_415195.1), Caenorhabditis elegans (NP_505415.2), Drosophila melanogaster (NP_608934.1), Danio
rerio (NP_001038869.1), Mus musculus (NP_766170.2), and Bos taurus (NP_001039558.1). See KEY for
descriptions of the figure annotations. The ADP Binding Fingerprint is boxed in cyan, the Cofactor
Recognition motif is boxed in red, and the Ribityl Binding motif is boxed in magenta, data from [89].
FAD-binding residues are marked with blue dots, data from [49].

The human COQ6 model was obtained from the AlphaFold Protein Structure Database
(Figure 20) [39,54].

 

Figure 20. AlphaFold model of single chain of COQ6. (A) Model color corresponds to model
confidence as described in Figure 4. Figure was generated by the AlphaFold Protein Structure
Database [39,54]. (B) Structural motifs shown in Figure 19 are highlighted.



  

 223 

Antioxidants 2022, 11, 2308 31 of 57

3.4.1. SNVs in the ADP-Binding Fingerprint
The COQ6 amino acid sequence contains the characteristic GXGXXG fingerprint

necessary for binding the ADP-moiety of the FAD cofactor, along with other conserved
residues involved in FAD/NAD+ recognition [89,95]. The segment forms a characteristic
�↵�-fold that binds FAD, which is reflected in the COQ6 multiple sequence alignment
and model (Figures 19 and 21A). The �↵�-fold occurs near the N-terminus of COQ6 from
residues D37 to E69 (Figure 21A). In this domain, we encounter six SNVs with relevance
to this analysis. Mutations occurring in this region may affect COQ6 cofactor-binding
capabilities. Two SNVs reported in Missense3D-DB occur at highly conserved residues
within the ADP-binding fingerprint: G44S and L67S (Figure 21B). Of these two, G44S
was identified by Missense3D as being structurally damaging, due to the replacement
of Gly at a bend. Neither mutation has a clinical association listed on ClinVar. In this
same motif gnomAD reports a SNV that occurs at a residue identified as FAD-binding:
E69K (Figure 21B). This variant is of particular interest because of its potential to disrupt
cofactor binding. However, E69K does not have any clinical association with primary
CoQ10 deficiency, nor is it predicted to be structurally damaging by Missense3D. Two SNVs
reported in gnomAD are identified as frequent polymorphisms: A49S and I58T (Figure 21B).
Neither of these variants occurs at highly conserved residues. According to the ClinVar
database, A49S has been listed as a benign mutation. There is no ClinVar annotation for
I58T. Both of these variants are characterized as neutral by Missense3D. One additional
SNV is reported in ClinVar in this region: V39M (Figure 21B). This variant has an uncertain
significance label on ClinVar and is characterized as structurally neutral by Missense3D.

 

Figure 21. SNVs in the COQ6 ADP-binding fingerprint. (A) The ADP-binding �↵�-fold is high-
lighted on the COQ6 model and includes residues D37 to E69. Residues 1–35 have been truncated.
(B) Locations of SNVs are depicted. Residues are colored according to their corresponding SNVs in
Figure 19.

3.4.2. SNVs in the Cofactor Recognition Structure
This second region on the COQ6 polypeptide is suggested to recognize the pyrophos-

phate moiety of the FAD cofactor [89]. The cofactor recognition structure occurs from
residues K202 to R215 (Figure 22A). In this domain, we encounter eight SNVs with rel-
evance to this analysis. Mutations in functional residues contributing to FAD-binding
are predicted to diminish COQ6 function, resulting in a deficiency in CoQ10. There are
six SNVs reported in gnomAD that affect highly conserved residues within this region:
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L203F, N211S, S212C, R215L, R215Q, and R215W (Figure 22B). Of these six variants, R215L
and R215Q were reported as structurally damaging by Missense3D. N211S may disrupt
catalytic function, as it occurs at a residue identified as FAD-binding and is flagged by
Missense3D as a buried charge replaced. However, this mutation does not have any clin-
ical association. There is one additional SNV reported in Missense3D-DB occurring at a
highly conserved residue: L204F (Figure 22B). This mutation is predicted to be structurally
neutral by Missense3D. L204F does not have a clinical association with CoQ10 deficiency.
ClinVar reports one SNV in this region: D208H (Figure 22B). This variant occurs at a highly
conserved residue identified as FAD-binding and has a clinical association of unknown
significance. This mutation is reported to lead to haploinsufficiency of COQ6, predisposing
individuals harboring the mutation to schwannomatosis, which is a rare genetic disorder
resulting in multiple benign schwannomas growing on peripheral nerves [96]. However,
further studies must be conducted to confirm this link [97].

 

 

Figure 22. SNVs found in the COQ6 NAD(P)H/FAD recognition sequence. (A) NAD(P)H/FAD
recognition structure highlighted on COQ6 model, residues K203 to R215. Residues 1–35 have been
truncated. (B) Locations of SNVs are depicted. Residues are colored according to their corresponding
SNVs in Figure 19.

3.4.3. SNVs in the Ribityl Binding Motif
The third region of known importance on the COQ6 polypeptide has been impli-

cated in binding to the ribityl moiety on FAD. It contains the consensus fingerprint for
ribityl binding, including the conserved Asp necessary to hydrogen bond with O-3 of the
ribityl moiety [89,98]. This region is predicted to reside near the putative catalytic region
containing the other amino acid fingerprints necessary for FAD-binding. Mutations in
functional residues contributing to coenzyme binding are predicted to diminish COQ6
function, resulting in a deficiency in CoQ10.

This region spans residues P359 to H392 (Figures 19 and 23A). In this domain, we en-
counter 18 SNVs relevant to this analysis. There are 11 SNVs reported in gnomAD that occur
in highly conserved residues within this region. Eight of these 11 variants, G365W, G365R,
H369Y, P373L, P373R, G378S, G382D, and D385G are reported to be structurally damaging
by Missense3D. The high number of variants predicted to be structurally damaging in this
region may be indicative of its structural importance to COQ6 integrity. Three additional
SNVs are reported in Missense3D-DB to occur at highly conserved residues: A362V, D366G,
and D385E (Figure 23B). Of the three, only D366G is predicted to be structurally damaging
by Missense3D. This variant is also located at the conserved Asp predicted to bind FAD and
may therefore disrupt COQ6 function. None of these mutations have clinical associations.
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Figure 23. SNVs found in the COQ6 ribityl binding motif. (A) Ribityl binding motif is highlighted on
the COQ6 model, from residues P359 to H392. Residues 1–35 have been truncated. (B) Locations of
SNVs in conserved or functional regions are depicted. (C) Locations of ClinVar and literature variants
are depicted. Residues are colored according to their corresponding SNVs in Figure 19.

In this region, four SNVs are reported in ClinVar and the research literature: R360L,
R360W, N380S, and D385A (Figure 23C). R360L is associated with primary CoQ10 deficiency
and is labeled as likely pathogenic. R360W was found in a compound-heterozygous
patient with the frameshift c.804delC mutation and was determined to be pathogenic [99].
Patients homozygous for R360W have been identified in China and Central/Eastern Europe
and have been associated with a higher risk of cardiomyopathy, growth retardation, and
neurologic involvement [91]. The N380S variant does not have a condition associated
with it but is labeled as likely pathogenic by ClinVar. The D385A variant is reported and
has been predicted in silico to be deleterious but has not been associated with any clinical
manifestations [100]. This D385A variant is the only one of these four SNVs that is predicted
to be structurally damaging by Missense3D.

The most common flags generated by Missense3D for this region concern the change
of buried residues. The most consequential changes pertain to the replacement of buried
charges and Gly residues. Such variants have the potential to disrupt FAD-binding and
protein folding.
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3.5. COQ7
COQ7 is characterized as a di-iron carboxylate hydroxylase [13]. It is peripherally

associated with the matrix side of the IMM and is responsible for the penultimate step of
CoQ biosynthesis, hydroxylating DMQH2 to DMeQH2 [101,102]. Addition of 2,4-diHB
was shown to restore synthesis of CoQ6 in the yeast coq7 null mutant when Coq8 was
overexpressed [59]. The overexpression of Coq8 stabilizes the yeast Coq polypeptides that
are otherwise degraded in the coq null mutants. The use of an alternate ring precursor
to “bypass” the blocked Coq7 hydroxylase step in CoQ biosynthesis is similar to the
previously described VA bypass of certain yeast coq6 point mutants, or the coq6 null
mutant overexpressing Coq8 [33,90]. Tests of 2,4-diHB bypass therapy in patient fibroblasts
harboring COQ7 mutations indicated that such a bypass was not uniformly successful and
seemed to have the most benefit in cells with a more profound deficiency in COQ7 [103].
Hence, the outcome of such bypass therapies is likely to be quite dependent on the nature
of the mutations.

Human COQ7 is able to complement yeast lacking Coq7, demonstrating conserved
functionality across species as well as the viability of S. cerevisiae as a model organism to
study human COQ7 mutations [104]. Mutations in the human COQ7 gene are associated
with primary CoQ10 deficiency and are further associated with several disease states,
predominantly hypertonia and sensorineural hearing loss (SNHL) [29].

From gnomAD, ClinVar, Missense3D-DB, and literature we identified 60 missense
SNVs of interest (Figure 24; Supplemental Table S1). Of these variants, 47 coincided with a
highly conserved region or functional residue, which were determined from the multiple
sequence alignment as well as structural studies on human COQ7 [50,52]. Eleven of the
twelve variants classified as structurally damaging by Missense3D were contained in
this group (Figure 24). From the ClinVar Database and literature, four missense variants
were determined to be pathogenic or likely pathogenic. None of these four variants were
identified by Missense3D to be structurally damaging. There were 13 SNVs in gnomAD
identified as frequent polymorphisms. One of these, R65C (allele frequency of 2.76 ⇥ 10�4)
was identified as being structurally damaging by Missense3D.

 

Figure 24. Cont.
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Figure 24. Labeled and annotated multiple sequence alignment of COQ7. Amino acid sequences of
COQ7 were analyzed as described in Materials and Methods and include Homo sapiens (NCBI accession
number NP_057222.2) and homologs in Saccharomyces cerevisiae (NP_014768.2), Schizosaccharomyces
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pombe (NP_595416), Pseudomonas aeruginosa (QLJ91605.1), Rickettsia prowazekii (ADE29699), Drosophila
melanogaster (NP_651967.2), Caenorhabditis elegans (NP_498128.1), Danio rerio (NP_001076480.1), and
Mus musculus (NP_034070.1). See KEY for descriptions of the figure annotations. The COQ9 inter-
facing loop is boxed in cyan, data from [50]. Residues that ligand iron 1 are marked with blue dots,
and those that ligand iron 2 are marked with orange dots, data from [52]. COQ7-COQ9 interacting
residues are marked with purple dots, data from [50,52].

The human COQ7 model was obtained from the AlphaFold Protein Structure Database
(Figure 25) [39,54]. The structure of a human COQ7:COQ9 complex was recently deter-
mined (PDB: 7SSS and 7SSP) [52].

 
Figure 25. AlphaFold model of single chain of COQ7. Model color corresponds to model confidence
as described in Figure 4. Figure was generated by the AlphaFold Protein Structure Database [39,54].

3.5.1. SNVs in a Loop of COQ7 That Interfaces with COQ9
The COQ7 polypeptide contains a loop (residues R105 to W115) that is situated be-

tween ↵-helix 1 and ↵-helix 2 and is composed predominantly of residues with hydrophobic
side-chains. This loop was predicted to interact with COQ9 [50] and was recently observed
at the interface between COQ7 and COQ9 in the structure determined for an octameric
COQ7:COQ9 complex [52]. The residues in this loop are situated on the outer face of
COQ7 (Figure 26A). In this domain, we encounter six SNVs with relevance to this anal-
ysis. Mutations in this region have the potential to decrease COQ7-COQ9 hydrophobic,
hydrogen-bonding, and salt bridge interactions noted by [52]. There are nine SNVs reported
in gnomAD occurring at highly conserved or functional residues in this region (Figure 26B).
Of these nine SNVs from gnomAD, only variants at T109 were flagged by Missense3D as
structurally damaging (buried H-bond breakage). None of these variants are present as
homozygotes in gnomAD, nor are they associated with a deficiency in CoQ10. The variant
R107W was identified in ClinVar as having uncertain significance and occurs at a highly
conserved residue (Figure 26B). This variant is adjacent to P108, a key residue predicted to
interact with COQ9 [50]. Missense3D characterizes R107W as neutral. L111P was identified
as a homozygous mutation in a six-year-old girl presenting with SNHL and spasticity by
Wang et al. (Figure 26B) [103]. However, the severity of this mutation was determined
to be dependent on the presence of another variant, T103M, which is identified here as a
frequent polymorphism (allele frequency of 6.24 ⇥ 10�1). Missense3D characterizes T103M
as neutral.
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Figure 26. SNVs found in the COQ7 loop that interfaces with COQ9. (A) The loop (residues R105
to W115) that interfaces with COQ9 are highlighted on the COQ7 model. Residues 1–43 have been
truncated. (B) Locations of SNVs are depicted. Residues are colored according to their corresponding
SNVs in Figure 24.

3.5.2. Residues near the C-terminus of COQ7 That Form Contacts with COQ9
The COQ7:COQ9 complex co-crystallized with a core of phospholipids, suggesting

that membrane association is crucial for complex formation [52]. Four residues located
in the C-terminal ↵-helix 6 make additional contacts with COQ9: S201, Q204, A205, and
R208. It seems possible that the variant C207S, nestled among these residues and occurring
at a highly conserved Cys, might impact the association of COQ7 with COQ9. There
are also two variants that occur at reported interacting residues: S201G and A205S. Both
variants are characterized by Missense 3D as neutral but may have the potential to disrupt
COQ7:COQ9 interaction.

3.5.3. SNVs in the Predicted Iron-Liganding Motif
COQ7 was first identified as a di-iron protein with the motif E Xn1 EXXH Xn2 E Xn3

EXXH, where n represents a variable number of connecting residues [51]. These residues
form carboxylate ligands that are predicted to bind to two Fe (II) atoms located within the
four-helix bundle of COQ7 [101]. Using three-dimensional mapping of their COQ7 cryo-EM
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structure, Manicki et al. suggested that the motif E X6 Y X22 E X2 H X48 E X6 Y X28 E X2 H
is functionally important in forming these di-iron carboxylate ligands [52]. However, it is
important to note that the structure determined for COQ7 did not possess metals, hence the
residues that function to ligand the di-iron are surmised based on structural similarity to
other di-iron carboxylate proteins [52]. SNVs at or near residues in the motif are predicted
to disrupt the ability of COQ7 to ligand iron atoms. We encounter three SNVs at or near
residues in the predicted di-iron-liganding motif. G59R and E60K occur at or adjacent to
E60, which ligands iron 1 (Figure 27B). G59R was reported in Missense3D-DB and was
characterized as altering a cavity by Missense3D. This is likely to reduce substrate access
to the active site. E60K was reported in gnomAD and was characterized as switching a
buried charge by Missense3D. It is important to note that Missense3D does not take into
account the roles played by residues that act as metal ligands when making predictions
about functionality.

 

Figure 27. SNVs found in COQ7 residues that are adjacent to or that ligand the iron atoms. (A) The
residues predicted to ligand the Fe (II) atoms are depicted in orange on the COQ7 model; E60,
Y67, E90, H93, E142, Y149, E178, and H181. (B) Locations of SNVs are depicted. Residues are
colored according to their corresponding SNVs in Figure 24. Residues 1–43 have been truncated in
both panels.

The V141E variant occurs adjacent to E142, which is predicted to ligand iron 2
(Figure 27B). This variant was reported in the ClinVar database and is labeled as dele-
terious. Missense3D characterizes this variant as neutral. It is likely that V141E disrupts
ligand formation with the iron.

3.5.4. SNVs Predicted to Impact Redox Chemistry of COQ7
COQ7 utilizes NADH to reduce the iron atoms, which then activate O2 to perform

the hydroxylation step of the DMQ substrate [101]. Several of the residues predicted to act
as ligands for the two iron atoms (E60, H148, Y149) are thought to mediate a sequential
electron-proton-electron relay [101], and a DMQ quinone may act as a conduit between
NADH and the di-iron site [105]. Intriguingly, Manicki et al. observed that the NADH
cofactor is localized adjacent to a water-filled channel formed by the triad [52]. The variants
E60K and Y149C discussed previously (Figure 27) likely disrupt this redox chemistry.

3.6. COQ9
COQ9 is peripherally associated with the IMM and is shown to be essential for CoQ

synthome formation and stabilization in both human and yeast cells [50,106]. COQ9 ho-
mologs play slightly different roles in different organisms. Coq9, the yeast COQ9 homolog,
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plays a supportive role in the hydroxylation steps mediated by Coq6 and Coq7 [13]. Certain
coq9 yeast mutants accumulate demethoxy-Q (DMQ), the penultimate intermediate of the
CoQ biosynthetic pathway [107]. In humans, COQ9 plays a supportive role in the COQ7
hydroxylation of DMQ in addition to the stabilization of the CoQ synthome [25]. Patients
with deficiencies in COQ9 have been shown to accumulate DMQ10, the same intermediate
that accumulates in COQ7-deficient cells [108].

To date, pathogenic cases of genetic variants in the COQ9 gene have been identified in
seven patients across four families [29]. While the determination of pathogenic variants in
COQ9 is rare, mutations in the COQ9 gene are associated with primary CoQ10 deficiency
and are further associated with several disease states, predominantly encephalomyopathy
and an autosomal-recessive neonatal-onset CoQ10 deficiency [29]. Low levels of CoQ10 in
human cells resulting from COQ9 deficiency can be partially restored by treatment with
2,4-diHB or VA [109]. For 2,4-diHB, the addition of the hydroxyl group at the 2-carbon
position allows it to bypass the COQ7 hydroxylation step in COQ7-deficient cells. VA was
shown to increase the production of CoQ10 in COQ9-deficient cells [109]. Neither 2,4-diHB
nor VA have been used as treatments in patients.

From gnomAD, ClinVar, and Missense3D-DB, we identified 52 missense SNVs of
interest (Figure 28; Supplemental Table S1). Of these variants, 17 coincided with a highly
conserved region or functional residue, which were determined from the multiple sequence
alignment as well as structural studies on human COQ9 [50,52]. Two of the twelve variants
classified as structurally damaging by Missense3D were contained in this group (Figure 28).
From the ClinVar Database and literature, 11 missense variants were determined to be
pathogenic or likely pathogenic. Two of these variants (P55T and H148P) were identified
by Missense3D to be structurally damaging. There were 17 SNVs in gnomAD identi-
fied as frequent polymorphisms. Two of these, N252K and M281V (allele frequencies of
1.41 ⇥ 10�4 and 1.70 ⇥ 10�4, respectively), were identified as being structurally damaging
by Missense3D.

 
Figure 28. Cont.
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Figure 28. Labeled and annotated multiple sequence alignment of COQ9. Amino acid sequences of
COQ7 were analyzed as described in Materials and Methods and include Homo sapiens (NCBI
accession number NP_064708.1) and homologs in Saccharomyces cerevisiae (QHB10353.1), Rick-
ettsia prowazekii (WP_004596292.1), Sphingomonas yanoikuyae (EKU74250.1), Sphingopyxis granuli
(WP_082737038.1), Schizosaccharomyces pombe (NP_594426.1), Drosophila melanogaster (NP_724594.1),
Danio rerio (NP_001092216.1), Bos taurus (NP_001039767.1), and Mus musculus (NP_080728.1). See
KEY for descriptions of the figure annotations. Residues in the HTH domain are boxed in cyan and
COQ9 surface patch in red, data from [25]. COQ7 interaction residues are marked with orange dots,
data from [52]. Ligand-binding residues are marked with purple dots, data from [50].

The human COQ9 structure determined by X-ray diffraction at 2.00 Å resolution
by Lohman et al. (PDB: 6AWL) was used as a model for visualizing the protein in Py-
MOL [50]. The COQ9 protein exists as a dimer with a hydrophobic cavity. Two co-
crystallized molecules are visible in this structure: phosphatidylethanolamine and bis-tris
(Figure 29A). A second COQ9 structure, determined by X-ray diffraction at 2.00 Å resolu-
tion by Lohman et al., PDB: 6DEW, co-crystallized with various isoprenes (Figure 29B) [50].
Additionally, Lohman et al. expressed COQ9DN79 (lacking the amino-terminal 79 residues)



  

 234 

Antioxidants 2022, 11, 2308 42 of 57

in E. coli and found six co-purified enriched lipids including CoQ8, menaquinone-8, and
2-octaprenyl phenol, which had the highest intensity signal of any lipid.

 

 

Figure 29. Comparison of existing structures of COQ9 and the AlphaFold model of COQ9 (A) PDB:
6AWL structure of COQ9DN79 with co-crystallized phosphatidylethanolamine and bis-tris shown in
cyan, data from [50]. Chain A colored in purple, chain B colored in blue. (B) PDB: 6DEW structure
of COQ9DN79,DC36 with co-crystallized geraniol, cis-trans-farnesol, trans-trans-farnesol, and cis-cis-
farnesol shown in cyan and sulfate molecules shown as ball structures; Chain A colored in purple,
chain B colored in blue, data from [50]. (C) Structural motifs shown on 6AWL structure. Colors match
Figure 28. (D) Structural alignment of 6AWL chain A shown in purple with the AlphaFold model
obtained from the AlphaFold Protein Structure Database [39,54], shown in pink.
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This indicates COQ9 as lipid-binding and its hydrophobic pocket as a potential binding
site. Structural motifs noted in Figure 28 are designated on the 6AWL structure (Figure 29C).
A model for human COQ9 was obtained using the AlphaFold Protein Structure Database
(Figure A4) [39,54]. This model shows 79 residues at the N-terminus that the crystal
structure for COQ9 (PDB: 6AWL) lacked (Figure 29D).

3.6.1. SNVs in the Helix-Turn-Helix Domain
COQ9 has been determined to have structural homology to proteins in the TetR family

of regulators (TFRs) [25]. TFR proteins are typically found in prokaryotes with small-
molecule binding capability, allowing many in the family to regulate transcription [110].
All TFR proteins consist of an N-terminal helix-turn-helix (HTH)-domain DNA binding
motif consisting of ↵-helices 1–3, or residues E91-F138 (Figure 30A) and a larger C-terminal
ligand-binding motif consisting of ↵-helices 4–9 (Figure 29A). However, COQ9 is not
predicted to bind DNA, making it an atypical TFR protein [25].

 

 

Figure 30. SNVs in the HTH-domain of COQ9. (A) N-terminal HTH-domains highlighted on the
COQ9 dimer structure (PDB:6AWL), corresponding to residues S95 to F138 and D92 to F138, on
chains A and B, respectively. (B) Locations of SNVs in conserved or functional regions are depicted.
(C) Locations of ClinVar variants and frequent polymorphisms are depicted. Residues are colored
according to their corresponding SNVs in Figure 28.
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In the COQ9 HTH domain, we encounter twelve SNVs with relevance to this analysis.
There are five SNVs reported in gnomAD occurring at highly conserved residues in this
segment of amino acids: G115R, G129R, G129C, F138L, and F138I (Figure 30B). Of these
five SNVs from gnomAD, only G115R was flagged by Missense3D as damaging. None
of these variants are present as homozygotes in gnomAD, nor are they associated with a
deficiency in CoQ10. Additionally, there are two SNVs reported in Missense3D-DB that are
predicted to be structurally damaging by Missense3D: G115Q and A120P.

Three SNVs reported in gnomAD are identified as frequent polymorphisms: L108R,
A113T, and I121T (Figure 30C). Only one variant, L108R, occurs at a highly conserved
residue. According to the ClinVar database, one report states that L108R is likely benign
whereas four others list an uncertain significance. Two of the four uncertain significance
interpretations list primary CoQ10 deficiency as the associated condition. The L108R variant
is of particular interest because of its frequency and possible pathogenicity; however, no
homozygotes have been reported to date. A113T has been determined to be a likely
benign SNV. I121T occurs at a semi-conserved residue, and there are conflicting reports
ranging from being likely benign to having uncertain significance. All of these variants
are characterized as neutral by Missense3D. Two additional SNVs are reported in ClinVar
in the HTH-domain: R102H and A135V (Figure 30C). Both of these variants potentially
lead to primary CoQ10 deficiency; however, the association must be investigated further in
order to elucidate a certain link. Both SNVs are characterized as neutral by Missense3D.

3.6.2. SNVs in the COQ9 Surface Patch
The second motif present in typical TFR proteins is a C-terminal ligand-binding

domain [110]. The COQ9 surface patch is comprised of several highly conserved residues
necessary for interaction with COQ7, ranging from residues D225 to L247 [25]. The surface
patch resides near the lipid-binding pocket (Figure 31A). Mutagenesis of conserved residues
in this region of COQ9 and co-purification with COQ7 has been shown to disrupt COQ9-
COQ7 interaction, resulting in reduced production of CoQ and accumulation of the COQ7
substrate DMQ. Thus, we predict that mutations in highly conserved regions along the
surface patch may result in either disruption of protein-protein interaction within the CoQ
synthome or destabilization of the COQ9 protein itself. Variants in this region are not likely
to disrupt protein stability, as these are solvent-exposed and will thus appear neutral to
Missense3D.

 

Figure 31. SNVs found in the COQ9 surface patch. (A) Surface patch highlighted on the COQ9 dimer
(PDB:6AWL), corresponding to residues D225 to L247. (B) Locations of SNVs are depicted. Residues
are colored according to their corresponding SNVs in Figure 28.
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In COQ9, the surface patch stretches from the end of ↵-helix 7 and the beginning of
↵-helix 8. In this domain, we encounter eight SNVs with relevance to this analysis. There
are five SNVs reported in gnomAD occurring at highly conserved or functional residues
in this segment of amino acids (Figure 31B). None of these mutations are predicted to be
structurally damaging by Missense3D. None of these mutations has a clinical association
with CoQ10 deficiency.

There is one additional SNV reported in Missense3D-DB occurring at a highly con-
served residue: D233Y. This mutation is predicted to be structurally neutral by Missense3D.
D233Y does not have a clinical association with CoQ10 deficiency. Another SNV reported
in gnomAD is identified as a frequent polymorphism, A231S. This variant does not occur
at a highly conserved residue. It is predicted to be neutral by Missense3D and has been
labeled as likely benign by ClinVar. There is one SNV reported in ClinVar in the surface
patch region, M227V (Figure 31B). This variant is associated with primary CoQ10 defi-
ciency; however, it has been labeled as having unknown significance in ClinVar. M227V is
characterized as neutral by Missense3D.

3.6.3. SNVs in ↵-Helix 10
↵-helix 10 (↵10), a C-terminal amphipathic helix not present in typical TFR proteins,

has been found to have importance in membrane binding [50]. Lohman et al. found that
COQ9 binds the matrix side of the IMM in a series of five steps. In the second step, the
hydrophobic residues along ↵10 associate with the membrane phospholipids. Mutating
these hydrophobic residues to Ser significantly reduced liposome association. We predict
that, despite low evolutionary conservation of residues along ↵10, mutations occurring at
residues implicated in membrane binding may result in reduced membrane association
and lower levels of synthome formation, thus resulting in lowered CoQ production.

↵10 occurs at the C-terminus of COQ9 from T286 to R311 (Figure 32A). In this domain,
we encounter five SNVs with relevance to this analysis. Three SNVs reported in gnomAD
occur at residues implicated in membrane binding: V298L (c.892G>C and c.892G>T) and
M302R (Figure 32B). Both variants are characterized as neutral by Missense3D and neither
are clinically associated with primary CoQ10 deficiency. For V298L, the SNV mutates a
hydrophobic residue to another hydrophobic residue, minimizing the impact of the change.
For M302R, the SNV mutates a hydrophobic residue to a positively charged residue, which
may potentially have a large impact on membrane binding ability. There are two SNVs
reported in gnomAD that were identified as frequent polymorphisms: K288N and V290I.
Both variants are characterized as neutral by Missense3D and K288N is labeled as benign
by ClinVar. V290I did not appear in ClinVar.

 

Figure 32. SNVs found in ↵10 of COQ9. (A) ↵10 highlighted on COQ9 dimer structure (PDB: 6AWL),
corresponding to residues T286 to L311. (B) Locations of SNVs are depicted. Residues are colored
according to their corresponding SNVs in Figure 28.
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4. Discussion

Herein, we analyzed the functional and structural impacts of missense SNVs in
COQ3–COQ7 and COQ9. From a large pool of genome and exome sequencing data (gno-
mAD and Missense3D-DB), as well as clinically documented variants (NCBI ClinVar and
literature), 429 variants were selected; these consisted of SNVs in conserved and functional
regions, with potential clinical significance or with high allele frequency. Of these, 115 SNVs
were classified as potentially structurally damaging by the Missense3D server. AlphaFold
models were used for classification wherever crystal structures were not available. As ex-
pected, we found frequent polymorphisms to be less deleterious than those found in highly
conserved or functional residues. The mutation classifiers used, Missense3D, SIFT, and
PolyPhen-2, often had disagreements with their respective assessments. Some of this dis-
agreement can be attributed to the assessment criteria used by each classifier. Missense3D
is more stringent in its structural consequence criteria whereas the SIFT and PolyPhen-2
algorithms are less conservative when classifying a mutation as deleterious. Nevertheless,
when the data obtained across classifiers are compared in the context of function, one can
make an educated prediction based on the considerations described here.

It is imperative to note that predicted models may not accurately reflect the true physi-
ological structures. The dynamic residue-residue interactions between polypeptides may
result in different local conformations that are not represented in the individual structural
models, including disordered regions. A further consequence of this limitation is that
mutation classifiers such as the ones used in this study cannot predict the extent to which
the activity of an enzyme is affected. Additionally, mutation classifiers may underestimate
the deleteriousness of certain mutations, such as point mutations within binding pockets
deemed “benign” that may impair essential cofactor or substrate binding, polymorphisms
within the mitochondrial targeting sequence that may affect localization, or surface mu-
tations that may alter protein-protein interaction interfaces. In the case of Missense3D, it
is currently unable to model mutations at a protein-protein or protein-ligand interaction
interface, as additional polypeptide chains or ligands in the provided structure are removed
during analysis. One example of a mutation that was overlooked by Missense3D is the
D208H mutation in COQ6, which occurs at a putative FAD-binding residue. This mutation
has been associated with schwannomatosis in a family of patients [96]. While this linkage
has been contested, it has been shown that human COQ6 harboring this mutation is unable
to rescue coq6 null yeast, suggesting a loss of function. However, Missense 3D had classified
the mutation as neutral.

Differential gene expression in distinct tissues may also account for pathogenic effects
that cannot be characterized solely by predicted structures. For example, mutations asso-
ciated with the atypical kinase COQ8B present a perplexing case where the pathogenic
phenotypes appear to be kidney-specific [29]. While the methods described in this study
can identify potentially pathogenic SNVs, they cannot predict the extent to which a struc-
turally destabilizing mutation decreases protein levels in a given tissue, nor whether a
resulting decrease is sufficient to affect tissue function. It is also worth noting that distinct
cell types may also be differentially impacted by CoQ deficiency due to particular energy
demands or exposure to oxidative damage.

Despite these limitations, multiple sequence alignments and structural models have
revealed highly conserved and functionally relevant residues, which allowed us to narrow
our search in identifying variants with potential clinical significance. The pipeline used in
this work may also serve as a scaffold for future SNV studies. Multiple sequence alignments
can help identify highly conserved regions of unknown function such as post-translational
modification sites. Meanwhile, structural models can be used in computational studies
to predict protein-protein interaction interfaces as well as the effect of SNVs on ligand
binding and catalysis. All of these studies are invaluable in elucidating the regulatory
mechanisms of CoQ biosynthesis. Furthermore, our pipeline provides a structural basis
for analyzing existing pathogenic mutations. For example, Ling et al. identified a patient
with a homozygous mutation G124S in COQ4 inherited from heterozygous parents. Skin
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fibroblasts isolated from the patient exhibited low CoQ10 content [111]. A separate study
found another patient homozygous for the G124S allele with poor cardiac contractility
and developmental delays [71]. In silico analyses from Missense3D, SIFT, and Polyphen-2
all correctly predicted the deleterious nature of this mutation. In particular, Missense3D
classified the mutation as damaging due to the replacement of a buried Gly, suggesting
deleterious structural consequence. Additionally, this pipeline can be combined with
other publicly available high-throughput data, such as gene expression profiles of dif-
ferent human tissues, to yield further insight into the phenotype variability in primary
CoQ deficiencies.

Primary CoQ10 deficiency is often caused by autosomal recessive mutations. Com-
pounded with the limited accessibility to genome sequencing, it is likely that a significant
portion of pathogenic variants has not been identified. Furthermore, early intervention of
primary CoQ10 deficiency has shown to be effective [32], illuminating the importance of
detecting such mutations early. As the cost of genetic sequencing declines over time, we
expect more variants to be identified in the future.

To aid the prompt diagnosis of pathogenic variants causing primary CoQ10 deficiency,
further in vitro and in vivo biochemical characterizations in model organisms such as S.
cerevisiae are required to validate the SNV classifications made in this study. Regarding
COQ3 and COQ5, there has been little to no clinical information on COQ3- and COQ5-
associated primary CoQ10 deficiency. This may appear to suggest that COQ3 and COQ5
mutations are not pathogenic. However, we speculate that many structurally damaging
variants may be embryonic lethal, resulting in an apparent lack of known pathogenic
variants. Conversely, mutations in the COQ8A and COQ8B polypeptides are reported to
have several pathogenic effects [29], likely due to the aforementioned dynamic interactions
and/or redundancy of function. For this reason, the clinical effects of mutations in the
COQ8A and COQ8B polypeptides would require a more elaborate structural analysis and
stringent biochemical characterization to fully understand the consequences of such SNVs.

Current treatment for CoQ deficiency relies on oral supplementation with CoQ10.
However, this method is only partially successful due to poor uptake of this extraordinarily
hydrophobic lipid molecule. It will be important to identify the gene products responsible
for the cellular trafficking of both exogenous and endogenous CoQ and its delivery to the
mitochondria [112,113]. A potential alternative is a “bypass” treatment, in which a CoQ
precursor can be administered to circumvent any faulty enzymatic steps in the biosynthetic
pathway, as demonstrated previously in yeast [90], mice [114], and human fibroblasts [115].
Unfortunately, the success of this potential avenue is contingent upon the nature of the
mutation. The COQ polypeptide harboring the SNV must be able to retain a structurally
stable CoQ complex. Given the extensive interactions between the COQ polypeptides,
membrane association, and binding of CoQ and CoQ-biosynthetic intermediates in the
high molecular mass CoQ synthome, it seems likely that many surface residue SNVs may
impact these interactions.

Similar to the bypass approach, another option for treating CoQ deficiency is supple-
mentation with MitoQ. MitoQ is composed of the lipid molecule conjugated to a triph-
enylphosphonium cation, which enables the antioxidant to be targeted to the mitochon-
dria [116]. Recently, clinical studies involving the supplementation of this CoQ derivative
have been shown to attenuate mitochondrial DNA damage in skeletal muscle [117,118],
although the direct role of MitoQ in this protective effect remains unclear. Given that MitoQ
does not support the respiratory electron transport function of CoQ, it is unlikely on its
own to rescue primary CoQ10 deficiency [119].

A recent innovative method to serve as a potential therapy for mitochondria-related
diseases is mitochondria transplantation. The fusion and fission of mitochondria within
the cell are essential for the maintenance of healthy mitochondrial functions [120], and
such dynamics are an attractive process to exploit for therapeutic applications. Recent
studies explored the potential for mitochondrial transplants as a targeted therapy for
repairing defunct mitochondria in different cells and, in a larger application, tissue revital-
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ization [121,122]. Similarly, given the association of mitochondrial dysfunction with disease,
another avenue for therapeutics involves the design of drugs that induce mitochondrial
biogenesis, thereby promoting the turnover of defunct mitochondria and subsequently
the emergence of healthy mitochondria. Several naturally occurring polyphenols have
been identified as mitochondrial biogenesis inducers, such as resveratrol and phytoestro-
gens [123]. However, similar to oral CoQ10 supplements, the therapeutic advantage of
these inducers is limited by poor absorption. To target mitochondrial biogenesis from a
transcriptional approach, a number of nuclear transcription factors have also been impli-
cated in promoting mitochondrial biogenesis, which would help coordinate the expression
of both mitochondrial-encoded genes as well as those that are nuclear-encoded, such as
our COQ genes [123,124]. Unfortunately, the response resulting from this approach would
be nonspecific, as targeting the induction of transcription factors would activate several
other pathways, potentially leading to more severe side effects. Currently, targeting mito-
chondrial disease through the induction of mitochondrial biogenesis remains unsuccessful.
While these approaches may have promise for treating mitochondrial dysfunctions, pri-
mary CoQ10 deficiencies result from mutations in the nuclear-encoded COQ genes, making
this method suitable for only certain types of secondary CoQ10 deficiencies.

In summary, this work provides a thorough structural and functional analysis of
clinically relevant SNVs in several of the COQ genes. We have identified 115 SNVs that
are likely pathogenic due to structural perturbations, using multiple sequence alignments,
mutation classifiers, and predicted or solved protein structures. This analysis highlights the
intricate interactions in local regions of a given protein, as well as the large-scale dynamic
interactions between the individual constituents of protein complexes. Together, this serves
as a scaffold for future studies that seek to characterize the biochemical consequences
of SNVs that result in pathogenic effects caused by primary CoQ10 deficiencies. Finally,
the approach employed takes advantage of recent advances in protein tertiary structure
prediction and should be applicable to any human gene with identified homologs and
reported SNVs.
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AdoHcy, S-adenosyl-L-homocysteine; AdoMet, S-adenosyl-L-methionine; apo, apoenzyme;
APTX, gene encoding aprataxin; Arh1, yeast ferredoxin reductase; BRAF, gene encoding B-Raf; CoQ,
coenzyme Q or ubiquinone; CoQH2, reduced CoQH2 hydroquinone or ubiquinol; CoQn, n = number
of isoprene units in polyprenyl tail; DDMQH2, 2-methoxy-6-polyprenyl-1,4-benzohydroquinone;
DHP, 4,5-dihydroxy-3-polyprenylphenol; DHPB, 4,5-dihydroxy-3-polyprenylbenzoic acid; 2,4,-diHB,
2,4-dihydroxybenzoic acid; 3,4-diHB, 3,4-dihydroxybenzoic acid; DMAPP, dimethylallyl pyrophos-
phate; DMeQH2, 3-methyl-6-methoxy-2-polyprenyl-1,4,5-benzenetriol; DMQH2, 2-methoxy-5-methyl-
6-polyprenyl-1,4-benzohydroquinone; ETFDH, gene encoding mitochondrial electron transfer
flavoprotein-ubiquinone oxidoreductase; FDX1, human ferredoxin 1; FDX2, human ferredoxin 2;
FDXR, human ferredoxin reductase; HAB, 3-hexaprenyl-4-aminobenzoic acid; 4-HB, 4-hydroxybenzoic
acid; HHB, 3-hexaprenyl-4-hydroxybenzoic acid; HMPB, 4-hydroxy-5-methoxy-3-polyprenylbenzoic
acid; 4-HP, 4-hydroxy-3-polyprenylphenol; 4-HP6, 3-hexaprenyl-4-hydroxyphenol; HPB, 3-polyprenyl-
4-hydroxybenzoic acid; IMM, inner mitochondrial membrane; IPP, isopentenyl pyrophosphate; MUT,
gene encoding methylmalonyl-CoA mutase; pABA, para-hydroxybenzoic acid; PDB, protein data
bank; PDSS1, decaprenyl diphosphate synthase subunit 1; PDSS2, decaprenyl diphosphate subunit 2;
SNV, single nucleotide variant; SNHL, sensorineural hearing loss; SRNS, steroid-resistant nephrotic
syndrome; TFRs, TetR family of regulators; UbiG, E. coli ubiquinone biosynthesis O-methyltransferase;
VA, vanillic acid; Yah1, yeast ferredoxin.

Appendix A

 

Figure A1. Structural alignment of the human COQ3 model (shown in dark green) and the crystal
structure of E. coli UbiG, apo form (shown in pink, PDB: 4KDC). Residues 1–90 and 337–369 of
the AlphaFold model were omitted due to disordered structure. Alignment was performed using
PyMOL.
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Figure A2. Multiple sequence alignment of H. sapiens COQ4, S. cerevisiae COQ4, and Nostoc sp.
homolog Alr8543 (NCBI accession number: WP_010999537.1). Metal-liganding motif is boxed in
cyan, and residues in Alr8543 (H120, D121, H124, and E136) that act to ligand the Mg2+ ions are
marked with blue dots.

 
Figure A3. Structural alignment of the human COQ5 model (shown in orange) and the crystal
structure of S. cerevisiae Coq5, apo form (shown in teal, PDB: 4OBX). Residues 1–47 of the AlphaFold
model were omitted due to disordered structure. Alignment was performed using PyMOL.
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Figure A4. AlphaFold model of single chain of COQ9. Model color corresponds to the model
confidence described in Figure 4. Figure was generated by the AlphaFold Protein Structure
Database [39,54].
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