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ABSTRACT OF THE DISSERTATION 

 

Characterization of the novel coenzyme Q biosynthetic protein Coq11, and other proteins  

involved in the production and regulation of Q6 

 

by 

 

Michelle Celine Bradley 

 

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology 

University of California, Los Angeles, 2020 

Professor Catherine F. Clarke, Chair 

 
  

  Coenzyme Q (ubiquinone or Qn) is a benzoquinone lipid of varying isoprenoid tail 

length ‘n’, with essential functions within the respiratory electron transport chain and in cellular 

antioxidant defense. Several Coq polypeptides coordinate to drive the biosynthesis of Qn at the 

inner mitochondrial membrane, and are organized into a high-molecular weight complex known 

as the ‘CoQ synthome’, Absence of individual Coq enzymes results in decreased content of Qn 

and other Coq proteins, in addition to destabilization of the CoQ synthome. Patients with partial 

defects in Q10 biosynthesis suffer from a variety of debilitating diseases. Therefore, the studies 

outlined here seek to produce a more comprehensive understanding of the Qn biosynthetic 

pathway, allowing for more targeted therapeutic strategies. This work employs Saccharomyces 

cerevisiae as a model organism due to the high level of COQ gene functional conservation between 
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yeast and humans. In S. cerevisiae, Coq11 was recently identified to associate with members of 

the CoQ synthome, and was required for efficient de novo Q6 biosynthesis. The function of Coq11 

remains uncharacterized.  

 Chapter 1 provides an overview of the coenzyme Q biosynthetic pathway in both humans 

and yeast, while highlighting the identification of Coq11 as a novel member of the CoQ synthome. 

Chapter 2 explores the functional relationship between Coq11 and Coq10, which have evolved as 

protein fusions in several fungal genomes. Data collected with help from Dr. Roland Stocker’s 

laboratory, Dr. Mario Barros, and Jenny Ngo from Dr. Orian Shirai’s laboratory, has demonstrated 

that the coq10Δ mutant respiratory deficiency, sensitivity to lipid peroxidation, and low de novo 

Q6 biosynthesis is rescued by deletion of COQ11. Further, yeast lacking COQ11 have increased 

expression of several Coq proteins and a stabilized CoQ synthome. These results indicate that 

Coq11 may serve as a modulator of Q6 biosynthesis. Chapter 3 outlines additional experimental 

characterization towards understanding the role of Coq11 within the Q6 biosynthetic pathway. 

With assistance from Dr. Lukas Susac from the laboratory of Professor Juli Feigon, various 

strategies for Coq11 purification have been documented, with some showing promise for future 

purification attempts. We have also revealed that Coq11 deletion in combination with deletion of 

two phenylacrylic acid decarboxylases, Pad1 and Fdc1, fails to effect Q6 biosynthesis. In 

collaboration with Dr. Mario Barros, several Coq11 overexpression vectors have been constructed 

and evaluated for their ability to restore Q6 biosynthesis in the coq11∆ mutant. The data reveal that 

yeast does not tolerate Coq11 overexpression from the majority of constructs, suggesting that 

Coq11 is a negative regulator of Q6 biosynthesis. In Chapter 4, two novel 

phosphatidylethanolamine methyltransferase deletion mutants, cho2 and opi3, were identified to 

have significantly higher Q6 compared to wild type. Dr. Anita Ayer from the Stocker laboratory 
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conducted a preliminary large-scale screen of the S. cerevisiae diploid homozygous knockout 

library for mutants displaying altered Q6 content. With help from Dr. Lucía Fernández-del-Río, 

we confirmed that the cho2∆ and opi3∆ mutants have increased Q6 as well as a stabilized CoQ 

synthome, despite retaining wild-type amounts of Coq proteins. Finally, Appendices I-VIII contain 

previous publications that detail various aspects of coenzyme Q characterization in several 

organisms, in addition to a methods paper regarding the detection of protein-protein interaction 

networks. Together, this work provides novel insights regarding the biosynthesis, cellular 

functions, and regulation of coenzyme Q. 
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COENZYME Q INTRODUCTION 
 
 Coenzyme Q (ubiquinone or Qn) is a small lipid biomolecule comprised of a fully-

substituted benzoquinone ring attached to a polyisoprenyl side-chain. This crucial molecule is 

found in all eukaryotes and α-, β-, and γ-proteobacteria (1). Importantly, the Qn benzoquinone 

ring is redox-active and is capable of carrying two electrons and protons in a reversible set of 

reactions; the fully oxidized Qn accepts one election and one proton to produce the stable 

ubisemiquinone radical species (QnH˙), which subsequently accepts a second proton and electron 

to form the fully reduced ubiquinol (QnH2) (2). The hydrophobic side-chain anchors Qn at the 

mid-plane of phospholipid bilayers within cellular membranes, where it is able to diffuse freely 

(2). While the benzoquinone ring is conserved, there is some variation in the length of the 

polyisprenoid group ‘n’ between species: six isoprenyl-units in Saccharomyces cerevisiae (Q6), 

Q8 in Escherichia coli, a combination of Q9 and Q10 in mice, and Q10 in humans (3). Previous 

studies have demonstrated that Q6-Q10 may complement the function of Q8 in E. coli (4,5), 

however, organisms do appear to have a preference towards their endogenous Qn species (5,6).  

 The major function of Qn is to serve as a mobile electron carrier inside the plasma 

membrane during respiratory electron transport (2,3,7). This electron transport process occurs at 

the inner mitochondrial membrane in eukaryotes and in prokaryotic plasma membranes (8).  

In eukaryotes, Qn accepts electrons from NADH or succinate via complex I or complex II, 

respectively, and donates them to cytochrome c at complex III (cytochrome bc1 complex) 

through the protonmotive Q cycle (8,9). Each Q cycle results in the oxidation of QnH2, reduction 

of two molecules of cytochrome c, and consumption of two protons on the negative side of the 

membrane, to result in the efficient transport of four protons to the positive side of the membrane 

(8). S. cerevisiae lacks complex I and alternatively uses internal and external NADH:ubiquinone 
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oxidoreduactases which, unlike complex I, do not generate a proton gradient (10). These 

complexes include Nde1 and Nde2 mitochondrial NADH dehydrogenases that act on the 

cytosolic side of the inner mitochondrial membrane, as well as Ndi1 that oxidizes NADH at the 

matrix side of the inner membrane (11).   

 The QH2 reduced hydroquinone also serves as an important chain-breaking antioxidant 

shown to alleviate lipid peroxidative damage and regenerate alpha-tocopherol (vitamin E) (12). 

In fact, QnH2 is the only lipid soluble antioxidant species synthesized endogenously (13). Yeast 

lacking QnH2 are extremely sensitive to oxidative damage driven by exogenously added 

polyunsaturated fatty acids (PUFAs) (14-16), due to the loss of QnH2 antioxidant protection (13). 

This effect is alleviated by site-specific reinforcement at bis-allylic hydrogen atoms with 

deuterium atoms (14,17).  

 A high QnH2/Qn ratio initiates reverse electron transport (RET) from complex II to 

complex I under physiological conditions in both Drosophila and mammalian cells in culture 

(18,19). Superoxide and secondary reactive species produced via complex I RET induced by 

high QnH2, extended Drosophila lifespan and improved mitochondrial function in Parkinson’s 

disease models (19).  

 The role of Qn in electron transport is similarly fundamental for other pathways, 

including pyrimidine biosynthesis, and the oxidation of sulfide, proline, fatty acids, and 

branched-chain amino acids (9,20,21). Previous work has demonstrated that Q10 inhibits 

apoptosis independently from its role in radical scavenging, by preventing the opening of the 

mitochondrial permeability transition pore, thus inhibiting mitochondrial depolarization (22). 

Several studies have also suggested that Q10 may act as a cofactor for fatty acid-dependent proton 

transport by uncoupling proteins (23,24), and has an inducible effect on several genes that play 
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significant roles in the immune system inflammatory response (25). Additionally, Q10 is 

associated with an ever-increasing number of functions in other important metabolic processes 

including regulating the amount of integrins on the surface of monocytes and modulating 

physiochemical properties of cellular membranes (26). 

 

OVERVIEW OF COENZYME Q BIOSYNTHESIS  

 While Qn is found in all cellular membranes, the biosynthesis of Qn occurs selectively 

within the mitochondria (2). The polyisoprenoid side-chain of Qn is synthesized from the 

precursors isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which 

are generated from mevalonate in eukaryotes and 1-deoxy-D-xylulose-5-phosphate in 

prokaryotes (2,3,27). Elongation of the ployisopreoid tail occurs when IPP and DMAPP 

enzymatically condense via a head-to-tail reaction to form hexaprenyl diphosphate in yeast and 

decaprenyl diphosphate in humans (2). The major aromatic precursor compound for the Qn 

benzoquinone head group is 4-hydroxybenzoic acid (4HB), produced from tyrosine in mammals, 

chorismate in E. coli, and both tyrosine and chorismate in yeast (28-30). Several other 

compounds including para-coumarate, resveratrol, vanillic acid, 3,4-diHB, and kaempferol have 

also been identified as efficient Qn precursors (31-33). An additional ring precursor, para-

aminobenzoic acid (pABA), is used in S. cerevisiae Q6 biosynthesis but is not employed in 

humans or mice or E. coli (28).  

 S. cerevisiae is a useful model for studies of Qn biosynthesis because yeast retain the 

ability to survive through fermentation metabolism in the absence of Q6 (34). Previous studies 

have demonstrated that most yeast coq mutants are rescued by expression of their corresponding 

human homolog (2), indicating a high degree of functional conservation between yeast and 
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humans. In S. cerevisiae, fourteen mitochondrial proteins are required for efficient Q6 

biosynthesis:  Coq1-Coq11, Yah1, Arh1, and Hfd1 (17). YAH1 and ARH1 are essential genes in 

yeast that are required for iron–sulphur cluster and heme A biosynthesis (35-37). The Yah1 and 

Arh1 polypeptides are additionally required for Q6 production, serving as ferredoxin and 

ferredoxin reductase, respectively (38). Hfd1 is a mitochondrial outer membrane protein that 

catalyzes the oxidation of 4-hydroxybenzaldehyde to 4HB during the early steps of Q6 

biosynthesis (39,40). Deficiencies in Q6 emanating from HFD1 inactivation may be rescued by 

exogenous 4HB supplementation (40). Yeast coq1-coq9 deletion mutants are Q6-less, resulting in 

a subsequent failure to respire and grow on a non-fermentable carbon source (2,3). In contrast, 

coq10 and coq11 mutants still synthesize small amounts of Q6 and retain the ability to grow on 

respiratory medium (15,41,42). 

 COQ1 encodes a species specific hexaprenyl diphosphate synthase that assembles the 

polyisoprenoid side-chain of Q6 through the condensation of precursors DMAPP and IPP (43) 

(Fig. 1). Submitochondrial fractionation studies demonstrated that Coq1 is peripherally 

associated with the mitochondrial inner membrane on the matrix side (44). The coq1∆ mutant is 

rescued by polyprenyl diphosphate synthases from other organisms, and produces Qn isoforms 

with varying tail lengths defined by the specific polyprenyl diphosphate synthase (4). In humans, 

the Coq1 homologs PDSS1 and PDSS2 form a heterotetramer essential for enzymatic activity 

and synthesis of the decaprenyl diphosphate side-chain for Q10 biosynthesis (45). Clinical 

phenotypes associated with partial defects in either PDSS1 and PDSS2 include mitochondrial 

oxidative phosphorylation disorders such as Leigh Syndrome (46). 

 Transfer of the polyisoprenoid side-chain to the benzoquinone ring precursors is 

catalyzed by the 4HB-polyprenyltrasferase, Coq2 (47), and produces 3-hexaprenyl-4-hydroxy 
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benzoic acid (HHB; Fig. 1). Coq2 is an integral membrane protein localized to the mitochondrial 

inner membrane (48). Yeast coq3-coq9 null mutants, accumulate the early-stage hydrophobic 

Q6-intermeadiate HHB (2,49). Expression of human COQ2 cDNA in coq2∆ cells successfully 

restored Q6 biosynthesis, demonstrating that Coq2 does not dictate the length of the polyprenyl 

tail (50). Patients with heterozygous COQ2 deficiency allowing residual amount of Q6 

biosynthesis, present with steroid resistant nephrotic syndrome or adult onset encephalopathy, 

however, homozygous COQ2 defects that fully prevent Q production manifest in more severe 

disease pathology (51).  

 The functional roles of the Coq3, Coq5, Coq6, and Coq7 ring-modifying enzymes have 

been studied widely and are largely defined. Yeast Coq3 is an S-adenosylmethionine (AdoMet, 

SAM)-dependent O-methyltransferase enzyme that catalyzes the two O-methylation steps of Q6 

biosynthesis (52,53). Coq3 binds SAM via four highly conserved structures typical of Class I 

SAM-dependent methyltransferases, that form a seven-strand twisted β sheet (54). Fractionation 

studies have determined that Coq3 is peripherally bound to the matrix-face of the inner 

mitochondrial membrane (53). Because Coq3 is phosphorylated in a Coq8-dependent manner 

(55), its molecular stability is dependent on Coq8 (48,56). Further, the low Coq4, Coq6, Coq7, 

and Coq9 polypeptide levels of the coq3∆ mutant are increased upon Coq8 overexpression (48). 

Expression of human COQ3 in coq3∆ yeast partially rescued Q6 biosynthesis and restored 

growth on a non-fermentable carbon source (57); no mutations within the COQ3 open reading 

frame are known to cause primary human Q10 deficiency. Analogous to Coq3, yeast Coq5 is 

peripherally associated with the matrix-side of the mitochondrial inner membrane (58), and is 

another SAM-dependent methyltransferase required for the Q6 biosynthesis C-methylation step 

(34,59). The structure of yeast Coq5 has a characteristic seven β-strand Class I SAM 
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methyltransferase motif (60). Overexpression of Coq8 in the coq5∆ mutant restores Coq4, Coq7, 

Coq9 polypeptide amounts to those of wild type (48,61), and there is evidence that 

phosphorylation of Coq5 may be dependent on Coq8 (55). Interestingly, expression of human 

COQ5 was only successful in rescuing Q6 biosynthesis of the coq5 point mutants and coq5∆ 

overexpressing Coq8, but failed to have an effect on the coq5∆ mutant (62). Partial loss of COQ5 

function was recently determined to be the causal mutation for Q10 deficiencies in several 

patients presenting with cerebellar ataxia of varying severity (63). 

 Yeast Coq6 is a flavin-dependent monooxygenase with consensus sequences for ADP, 

FAD, NAD(P)H, and ribityl binding (64). Consistent with enzymatic studies demonstrating that 

Coq6 is responsible for the hydroxylation of HHB and HAB at the C5 position on the ring, Coq6 

co-purifies with a tightly bound FAD (65). Additionally, Coq6 is necessary for the C4-

deamination reaction when pABA is used as a ring precursor for Q6 biosynthesis (66). The 

hydroxylation reactions catalyzed by Coq6 are dependent on Yah1 and Arh1, ferredoxin and 

ferredoxin reductase, which serve as an electron source for the monooxygenase reaction (38). 

The Coq6 protein is peripherally bound to the inner mitochondrial membrane facing the matrix 

(64). Human COQ6 expression complements the S. cerevisiae coq6∆ mutant (32,67), and 

patients with COQ6 deficiencies have progressive nephrotic syndrome and deafness clinical 

phenotypes (67). Vanillic acid restored ATP production and Q10 biosynthesis in human cellular 

models of COQ6 deficiency (68), while 2,4-dihydroxybenzoic acid (2,4-diHB) treatment 

prevented Coq6 related disease progression in mice (69). This is surprising because 2,4-diHB 

was previously known to bypass COQ7 deficiencies (70).  

 The enzymatic hydroxylase activity of Coq7 was first illustrated in the observation that 

the coq7 point mutant accumulated DMQ6 (71). Structure modeling predicted Coq7 to be a di-
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iron carboxylate protein, with a highly conserved four-helix bundle and a fifth helix facilitating 

Coq7 interfacial inner mitochondrial membrane association (48,72). The activity of Coq7 is 

mediated by Coq8-dependent phosphorylation (41,61); moreover, Coq7 phosphorylation status 

may be a regulator of respiratory-induced Q6 biosynthesis (73). Expression of human COQ7 

recovered Q6 biosynthesis in coq7∆ yeast (74), validating it as a Coq7 functional ortholog. 

Primary Q10 deficiency resulting from COQ7 mutations manifests in a range of metabolic 

diseases that can benefit from treatment with 2,4-diHB, a 4HB analog that bypasses the COQ7-

dependent hydroxylase step (75,76).  

 In contrast to the aforementioned Coq proteins, the responsibility of Coq4, Coq8, Coq9, 

and Coq10 within the Q6 biosynthetic pathway is somewhat less clear. No enzymatic function 

has thus far been ascribed to Coq4, yet the coq4∆ mutant lacks detectable Q6 and accumulates 

early-stage Q6-intermeadiates (77). The Coq4 polypeptide is peripherally associated with the 

matrix side of the mitochondrial inner membrane and is required for Q6 biosynthesis (77). Coq4 

possess a bound geranylgeranyl monophosphate (78), suggesting that the function of Coq4 may 

be to bind the polyisoprenoid side-chain of Q6-intermeadiates. Additionally, the structure 

contains a conserved HDxxHx10–13E putative zinc-binding motif, with a bound magnesium ion in 

close proximity to the phosphate head group (78,79). It is believed that Coq4 binds Q6-

intermediates and serves as a scaffold protein, effective in organizing several other Coq proteins 

(48,79). Human COQ4 was demonstrated to have conserved function with yeast Coq4 (80). 

Homozygous recessive COQ4 mutant alleles were shown to drive early-onset mitochondrial 

diseases with debilitating phenotypes in patients (81), and intriguingly COQ4 haploinsufficiency 

also resulted in Q10 deficiency (82).  
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 Yeast COQ8 is a putative kinase that belongs to the ancient atypical kinase family (83), 

and harbors six of the twelve motifs present in canonical protein kinases (84). These proteins are 

capable of autophosphorylation and have a strong preference for ADP as phosphate group source 

(85). The phosphorylation state of Coq3, Coq5, and Coq7 is dependent on Coq8, which is 

similarly localized to the matrix side of the inner mitochondrial membrane (55). Expression of 

the human homolog of Coq8, COQ8A (ADCK3) or COQ8B (ADCK4) efficiently restored Q6 

biosynthesis, and COQ8A expression additional rescued phosphorylation of the aforementioned 

Coq polypeptides (55,86). Interestingly, COQ8A exhibits ATPase activity, rather than protein 

kinase activity, that is enhanced by small-molecule Q6-intermediate mimetics and cardiolipin 

(87,88). It is thus tempting to speculate that yeast Coq8 and its homologs may work as 

chaperones to allow for the extraction of Q6-intermediates from the membrane and into the 

aqueous matrix, to facilitate de novo Qn biosynthesis (88). Diseases correlated with mutated 

COQ8A include childhood-onset cerebellar ataxia (84,89), and COQ8B associated steroid-

resistant nephrotic disease (86,90). 

 The Coq9 protein in S. cerevisiae is peripherally associated with the matrix-face of the 

inner mitochondrial membrane, where it was identified as necessary for Q6 biosynthesis (48). 

Yeast coq9∆ accumulates the early-stage Q6-intermediate HHB (49). Further, the presence of 

Coq9 is necessary for the removal of the amino substituent at carbon 4 on Q6 biosynthetic 

intermediate when pABA is provided as the ring precursor (91). The deamination also depends 

on the function of Coq6 hydroxylase activity; both coq9 mutants, and coq6∆ overexpressing 

COQ8, accumulate 3-hexaprenyl-4-aminophenol (4-AP) (61). Coq9 is also required for Coq7 

hydroxylase activity (92). Taken together, these results demonstrate that Coq9 plays a supportive 

role for the hydroxylation steps catalyzed by Coq6 and Coq7. Human COQ9 has been effective 
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in the rescue of coq9 temperature sensitive point mutants (93), yet thus far has not been shown to 

restore Q6 biosynthesis in coq9∆ yeast (94,95).  

 Similar to Coq4, Coq8, and Coq9, the specific function of the Coq10 polypeptide remains 

undefined. Yeast coq10∆ is unique among the Q6-less coq1-coq9 mutants, because it synthesizes 

near wild-type amounts of Q6 in stationary phase, yet produces Q6 less efficiently during log 

phase growth (42,96). However, the coq10∆ mutant is respiratory deficient and has decreased 

NADH and succinate oxidase activities, and displays sickly, translating to anemic growth on 

respiratory medium (15,42,97). Cells lacking COQ10 are particularly to lipid peroxidation 

initiated by exogenously supplemented polyunsaturated fatty acids (PUFAs), indicating that 

Coq10 is also required for antioxidant protection by Q6 (96,97). The Coq10 polypeptide contains 

a steroidogenic acute regulatory (StAR)-related lipid transfer (StART) domain, shown to bind Q6 

and late-stage Q6-intermediates both in vitro and in vivo via its hydrophobic tunnel 

(42,96,98,99). Therefore, it is likely that Coq10 acts as a lipid chaperone delivering Q6 from its 

site of synthesis to where Q6 functions as an antioxidant and to the respiratory complexes (96).  

Human COQ10A and COQ10B were unable to rescue Q6 biosynthesis in coq10∆ yeast, 

however, expression of either mammalian homolog did restore mutant respiration on a 

nonfermentable carbon source and sensitivity to PUFA induced oxidative stress (97). There are 

currently no known disease phenotypes attributed to either COQ10A or COQ10B dysfunction.  

 

FORMATION OF A ‘COQ SYNTHOME’ IS REQUIRED FOR Q BIOSYNTHESIS 

 Several genetic and biochemical analyses have determined that Coq3-Coq9, and Coq11, 

organize into a multi-subunit high molecular weight complex termed the ‘CoQ synthome’, that is 

required for Q6 biosynthesis (41,79,100,101). Specifically, gel filtration chromatography and 
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two-dimensional Blue Native/SDS-PAGE investigations have presented evidence of high 

molecular weight migration of several Coq proteins (2). Co-immunoprecipitation experiments 

revealed direct interaction between numerous Coq polypeptides; biotinylated Coq3 co-purified 

with Coq4, and HA-tagged Coq9 co-precipitated Coq4, Coq5, Coq6, and Coq7 (100,101). Coq1 

and Coq2 have not yet been identified to associate with the CoQ synthome component 

polypeptides. Nevertheless, polyisoprenylated Q6-intermediates produced by Coq1 and Coq2 

appear to be important for CoQ synthome formation and/or stabilization (48).  

 Experimental evidence suggests that polyisoprenylated Q6-intermediates, in addition to 

Q6 itself, directly interact with the CoQ synthome (9). Size exclusion chromatography of 

digitionin treated mitochondrial extracts showed that the late-stage Q6-intermediate DMQ6 co-

eluted with Coq3 O-methyltransferase activity and high molecular mass Coq polypeptide sub-

complexes (100).  

In yeast coq7∆ mutants, addition of exogenous Q6 to growth medium increased the 

steady-state levels of the Coq3 and Coq4 polypeptides and restored DMQ6 synthesis (102). 

Overexpression of Coq8, shown to restore Coq proteins and CoQ synthome formation in some of 

the other coq null mutants (48,55,61), had no effect on coq1∆ and coq2∆ yeast, which fail to 

produce polyisoprenylated ring intermediates (61). This data implies that the presence of Q6 and 

other Q6-intermediates are crucial for Coq protein and CoQ synthome stability.  

 Deletion of S. cerevisiae COQ1-COQ10 genes that are essential for Q6 biosynthesis leads 

to destabilization of various other Coq polypeptides may result in CoQ synthome destabilization 

(101,103). Alternatively, coq11∆ yeast display increased protein amounts of Coq4, Coq6, Coq7, 

and Coq9, ultimately driving stabilization of the CoQ synthome (15). Two recent studies using in 

vivo visualization of tagged yeast Coq proteins indicated that the several Coq polypeptides 
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colocalize into discrete ‘CoQ domains’ at the inner mitochondrial membrane (103,104). The 

presence of these CoQ domains is contingent upon proper formation of the CoQ synthome (103). 

Mitochondria isolated from yeast lacking components of the CoQ synthome, coq3-coq9, and 

additionally the coq10∆ mutant, have a reduced number of CoQ domain puncta (103,104). This 

is driven by lower levels of specific Coq polypeptides and partial CoQ synthome destabilization 

in these mutants (2,48,96,97). The CoQ synthome is additionally required for the generation of 

ER-mitochondrial contact sites mediated by the ER-mitochondrial encounter structure (ERMES) 

complex (103,104). The ERMES complex mediates lipid trafficking between the ER and 

mitochondria (105). In fact, cells lacking ERMES proteins have dysfunctional Q6 cellular 

distribution and a destabilized CoQ synthome (104). Experimental evidence has ultimately 

suggested that Q6 circulation from the mitochondria to other organelles relies on CoQ synthome 

positioning next to the ERMES complex (104).  

 

IDENTIFICATION OF A PUTATIVE COENZYME Q MODULATOR 

 Recently, a protein of unknown function encoded by the open reading frame YLR290C 

was identified to co-purify with Coq5, Coq7, and Coq9, as well as Q6 and late-stage Q6-

intermediates (41). Yeast lacking ylr290c maintained respiratory growth on non-fermentable 

medium, despite producing significantly less de novo Q6 compared to wild type (41). Taken 

together, this data indicated that YLR290C was a novel Coq protein, and it was therefore 

renamed ‘Coq11’. Yeast Coq11 is a member of the short-chain dehydrogenase/reductase (SDR) 

superfamily of NAD(P)(H) dependent oxidoreductases (41,106). SDR superfamily proteins 

possess a conserved Rossmann fold, employed in the binding of nucleotide cofactors such as 

FAD, FMN, and NAD(P) (107). This enzyme class catalyzes various reactions including 
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isomerization, decarboxylation, epimerization, imine reduction, and carbonyl-alcohol 

oxidoreduction (106). Crystal structures revealed that enzymes containing Rossmann fold 

domains in both Escherichia coli and Pseudomonas aeruginosa catalyze FMN-dependent 

decarboxylation reactions in the species respective Qn biosynthetic pathways (108). The 

decarboxylation step in S. cerevisiae Q6 biosynthesis remains uncharacterized at present. These 

data have prompted speculation that Coq11 may use its Rossmann fold in conjunction with a 

nucleotide cofactor to perform similar redox chemistry in S. cerevisiae Q6 biosynthesis.  

 In various fungi, Coq11 and Coq10 were found as protein fusions (41), indicating that 

Coq11 and Coq10 may be involved in the same biochemical pathway or physically interact 

(109). We have demonstrated that coq10Δ mutant phenotypes of respiratory deficiency, 

decreased Q6 biosynthesis, and sensitivity to exogenous PUFA treatment, are rescued by deletion 

of COQ11 (15). Additionally, coq11Δ yeast accumulated increased amounts of certain Coq 

polypeptides, and the destabilized Coq proteins in the coq10Δ mutant were restored in a 

coq10Δcoq11Δ double mutant (15). The coq11Δ mutant conferred a stabilized CoQ synthome 

(15), and displayed increased CoQ domain intensity, although the total number of domains was 

comparable to wild type (103). These observations have led to the hypothesis that Coq11 is 

involved with modulation of Q6 biosynthesis; perhaps Coq11 is serving as a control point Q6 

production, catalyzing the transition between Q6 redox states, or simply acting in tandem with 

Coq10 to facilitate the transportation of Q6 and Q6-intermediates. 

 The closest human homolog of S. cerevisiae Coq11 is NUDUFA9 (41)—an SDR 

subfamily protein, and an auxiliary subunit of complex I in humans (110,111). Genetic 

knockouts using Transcription Activator-like Effector Nucleases (TALENs) revealed that 

NDUFA9 is important for stabilization of the junction between the matrix and membrane arms of 
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complex I (112). Disruption of proteins involved in complex I formation disrupts respiratory 

electron transport (113,114), and perhaps Q10 biosynthesis as well. Patients with decreased levels 

of NDUFA9 are unable to assemble complex I properly and may develop a degenerative infancy 

respiratory disorder, known as Leigh syndrome (115,116).  Although yeast do not possess 

complex I, it would be interesting to determine whether Coq11 localizes to yeast respiratory 

complexes in a similar manner to NDUFA9. The present work investigates various aspects of 

Coq11, towards understanding its role in the Q6 biosynthetic pathway. 
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FIGURES 
 

 

Figure 1. The coenzyme Q biosynthetic pathway within S. cerevisiae and humans. Figure is 

adapted from Ref. (2). At least fourteen known proteins are required to drive Q6 biosynthesis in 

S. cerevisiae (Coq1-Coq11, Yah1, Arh1, and Hfd1), and the corresponding human genes are 

denoted below each arrow (2). A polyprenyl diphosphate is generated by a polyprenyl 

diphosphate synthase (Coq1, or PDSS1/PDSS2) using the precursors isopentenyl pyrophosphate 

(IPP) and dimethylallyl pyrophosphate (DMAPP). The isoprenoid side-chain is attached to an 

aromatic ring precursor by Coq2 or COQ2. Both yeast and human use 4-hydroxybenzoic acid 

(4HB) as a ring precursor (intermediates emanating from blue text) (3), while yeast additionally 

may utilize para-aminobenzoic acid (pABA) as an alternative ring precursor (red text) (117). 

Several Coq proteins (Coq6/COQ6, Coq3/COQ3, Coq5/COQ5, and Coq7/COQ7) decorate the 

Q6/10 benzene ring to form the final product. Additional Coq proteins (Coq4/COQ4, 

Coq8/ADCK3+ADCK4, Coq9/COQ9, Coq10/COQ10A+COQ10B, and Coq11/?) may not 

directly catalyze an enzymatic step but are still required for efficient Q6/10 biosynthesis. The steps 

donated “???” are not yet attributed to a particular protein.  
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COQ11 deletion mitigates respiratory deficiency caused by mutations in the gene encoding 

the coenzyme Q chaperone protein Coq10 
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CHAPTER 3 

 

 

Understanding the role of the uncharacterized polypeptide Coq11 in coenzyme Q 

biosynthesis 
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ABSTRACT 

 Coenzyme Q (ubiquinone or Qn) is a polyisoprenylated benzoquinone lipid of varying tail 

length n, that is required for several vital cellular functions including bioenergetics, antioxidant 

defense, and as a co-factor to enzymes participating in pyrimidine biosynthesis and fatty acid β-

oxidation. In Saccharomyces cerevisiae, a group of proteins work together towards the 

biosynthesis of Q6. Several of these Coq proteins interact to form a high-molecular mass 

complex on the mitochondrial inner member termed the ‘CoQ synthome’. Recently, a protein of 

unknown function, renamed Coq11, was discovered to be essential for efficient de novo Q6 

biosynthesis and co-purified with several members of the CoQ synthome. Attempts to elucidate 

the function of Coq11 have focused on its phylogenetic correlation with Coq10. Here, we present 

Coq11 protein purification strategies and constructs for Coq11 overexpression in yeast, to 

characterize its role in Q6 biosynthesis. These data provide a valuable foundation for future 

studies clarifying the association of Coq11 with Q6 biosynthetic pathway.  
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INTRODUCTION 

 Coenzyme Q (Qn) is an essential lipid molecule component of the electron transport chain 

and serves an important role in cellular antioxidant defense (1). Patients with partial defects in Q 

biosynthesis suffer from a variety of health issues, including cerebellar ataxia, renal disease, 

cardiovascular complications, respiratory dysfunction, and neurodegenerative diseases (2-4). The 

major clinical strategy for treatment of Q10 deficiencies involves large scale Q10 supplementation, 

and such treatments have only been partially successful in most cases; however, many patients 

fail to demonstrate full recovery due to insufficient uptake of Q10 (4,5). Further, once severe Q10 

deficits in the kidney or defects in neurological function occur, they are not reversible, even if 

Q10 supplementation efficacy were to be increased (6). Current efforts to improve Q10 

therapeutics have been focused improving delivery strategies for Q10 (7,8), and developing 

compounds that enhance endogenous Q10 biosynthesis in patients (1,4,9,10). Due to the striking 

homology between human genes and those of Saccharomyces cerevisiae, studies of Q6 

biosynthesis in S. cerevisiae may provide insight into human Q10 biosynthesis towards the 

elucidation of potential therapeutic targets.  

 In S. cerevisiae, a cohort of at least fourteen mitochondrial proteins (Coq1-Coq11, Yah1, 

Arh1, and Hfd1) drive Q6 biosynthesis (1,4,11). Several of these Coq polypeptides assemble into 

a multi-subunit CoQ synthome localized to the mitochondrial inner membrane (1). A novel 

polypeptide encoded by the open reading frame YLR290C was recently identified to co-purify 

with several members of the CoQ synthome (12). Based on this evidence and a requirement of 

YLR290C for efficient de novo Q6 biosynthesis (12), the protein was renamed ‘Coq11’. 



	 59 

Although it is clear that Coq11 associates with the CoQ synthome, the functional roles, 

organization, and stoichiometry of Coq11 within the CoQ synthome are not yet understood.  

 Numerous features of Coq11 and its homologs solidify its link to Q6 biosynthesis. In 

several fungal genomes, Coq11 and Coq10 have evolved as fusion proteins (12). When two 

proteins are encoded as fusions they often exist within the same biological pathway or may 

directly interact with one another (13). The coq10Δ mutant is unique among coq mutants because 

it has decreased de novo Q6 biosynthesis in log phase, yet produces near wild-type 

concentrations of Q6 in stationary phase (14,15). The deletion of COQ10 causes sickly growth on 

respiratory medium and decreased antioxidant protection by Q6 indicated by coq10Δ sensitivity 

to lipid peroxidation initiated by exogenously supplemented polyunsaturated fatty acids (PUFAs) 

(14-16). We have recently demonstrated that respiratory deficiency, sensitivity to lipid 

peroxidation, and decreased Q6 biosynthesis of the coq10Δ mutant are rescued by deletion of 

COQ11 (17). Immunoblotting demonstrated that coq11Δ yeast accumulate increased amounts of 

certain Coq polypeptides and possess a stabilized CoQ synthome, that rescues the Coq 

polypeptides and CoQ synthome decencies of the coq10Δ mutant (17). This relationship between 

Coq10 and Coq11 has implications about the role of Coq11 as a negative modulator of Q6 

biosynthesis within the mitochondria. 

  Sequence analyses additionally reveal that Coq11 is a member of the atypical short-chain 

dehydrogenase/reductase (SDR) superfamily of oxidoreductases that catalyze an assortment of 

reactions including isomerization, decarboxylation, epimerization, imine reduction, and 

carbonyl-alcohol oxidoreduction (18). SDR superfamily proteins contain a conserved Rossmann 

fold structural motif used in the binding of nucleotide co-factors such as FAD, FMN, and 
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NAD(P) (19). The crystal structure of Pseudomonas aeruginosa UbiX (PA4019), an enzyme 

catalyzing the decarboxylation in Q biosynthesis in combination with UbiD, contains a 

Rossmann fold with a bound FMN (20). The structure of Pad1, a paralog of E. coli UbiX with 

51% identity, similarly includes a Rossmann fold in complex with FMN (21). Although the 

crystal structure of Coq11 remains unsolved, perhaps the Rossmann fold in Coq11 analogously 

catalyzes an FMN-dependent decarboxylation in Q6 biosynthesis. Intriguingly, the S. cerevisiae 

homologs to UbiX and UbiD, Pad1 and Fdc1, participate in the same chemistry as phenylacrylic 

acid decarboxylases (22,23). Pad1 and Fdc1 have never been implicated to function specifically 

as Q6 biosynthetic decarboxylases thus far, yet it is tempting to suggest that Coq11 may work 

together with these enzymes inside of the Q6 biosynthetic pathway. 

 This study seeks to further understand the enzymatic function of Coq11 using a variety of 

techniques. We have determined that coq11 deletion has background specific effects on de novo 

Q6 production, and that Coq11, Pad1, and Fdc1 are not redundant decarboxylases in Q6 

biosynthesis. We also detail the attempts to over-express and purify Coq11 from E. coli; here we 

describe methods and four distinct constructs, to provide useful information for future 

purification attempts. Finally, Coq11 overexpression from several different plasmids was found 

to be intolerable to yeast cells. These results represent crucial steps towards the identification of 

the function of Coq11.  
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EXPERIMENTAL PROCEDURES  

Yeast strains and growth medium 

 S. cerevisiae strains used in this study are described in Table 1. Yeast strains were 

derived from S288C (BY4742; (24)) or W303 (25). Growth media for yeast included YPD (2% 

glucose, 1% yeast extract, 2% peptone), YPG (3% glycerol, 1% yeast extract, 2% peptone) and 

YPGal (2% galactose, 1% yeast extract, 2% peptone, 0.1% dextrose) (26). Synthetic 

Dextrose/Minimal-Complete (SD-Complete) and Synthetic Dextrose/Minimal minus uracil 

(SD-Ura) (0.18% Difco yeast nitrogen base without amino acids and ammonium sulfate, 0.5% 

(NH4)2SO4, 0.14% NaH2PO4, 2% dextrose, complete amino acid supplement, or amino acid 

supplement lacking uracil) were prepared as described (26). Drop out dextrose (DOD) medium 

was prepared as described (12). Solid media contained additional 2% Bacto agar. 

 COQ11 was disrupted in previously created  pad1Δfdc1Δ double mutants in W303 and 

BY4742 yeast genetic backgrounds, by the one-step gene replacement method (23,27). The 

LEU2 gene from pRS305 was amplified by polymerase chain reaction (PCR), with COQ11 

upstream and downstream flanking sequences using the primers 5’-

GGGAAATATGTATCGTATACAAAAATACAGCTAAAGCTTGAACTG-3’ and 3’- 

GTACTTAACTATATACAGCTTGGTATAATTTTAAAATGGTAATAAC-5’. 

Transformations of PCR products into pad1Δfdc1Δ double mutants in W303 and BY4742 yeast 

cells were performed using the Li-acetate method (28).  
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Generation of a Coq11 polyclonal antibody 

 A synthetic peptide-based antigen specific to the COQ11 ORF, consisting of the amino 

acid sequence C- KKSKK EQEKA NQRSF –N, was designed by Cocalico Biologicals, Inc.  

This peptide was injected into two different rabbits a total of four times to elicit an immune 

response. Following bleed-out, antisera from both rabbits was diluted 1:500 in blocking buffer 

(0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered saline) and used as a primary 

antibody against the Coq11 polypeptide (16).  

 

Yeast mitochondria isolation  

 Yeast cultures were grown overnight in 5 mL of YPD or selection medium to maintain 

plasmid expression (SD−Ura). All pre-cultures were back-diluted with YPGal and grown 

overnight at 30 °C with shaking (250 rpm) until cell density reached an A600 ~ 4. Spheroplasts 

were prepared with Zymolyase-20T (MP Biomedicals) and fractionated as previously described 

(29), in the presence of cOmplete™ 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). Nycodenz (Sigma-Aldrich) density gradient 

purified mitochondria were frozen in liquid nitrogen, aliquoted, and stored at −80 °C until further 

use. Mitochondria protein concentration was measured by the Bicinchoninic acid (BCA) assay 

(ThermoFisher Scientific).  
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SDS-PAGE and immunoblot analyses for Coq11 protein expression 

 Purified mitochondria (25 µg) were resuspended in SDS sample buffer and separated by 

SDS gel electrophoresis on 10% or 12% Tris-glycine polyacrylamide gels. Proteins were 

transferred to a 0.45 µm PVDF membrane (Millipore) and blocked with blocking buffer (0.5% 

BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered saline). Coq11 was probed with its 

rabbit polyclonal antibody prepared in blocking buffer at a dilution of 1:500 (17). IRDye 680LT 

goat anti-rabbit IgG secondary antibody (LiCOR) was used at a dilution of 1:10,000. Coq11 was 

visualized using a LiCOR Odyssey Infrared Scanner (LiCOR).  

 

Cloning of Coq11 and Coq11-tagged constructs for overexpression in bacteria using 

Gateway 

 Plasmids used in this study are listed in Table 2. The generation of a Coq11 bacterial 

overexpression vector for subsequent protein purification and structural characterization was first 

attempted using the Gateway™ system (Invitrogen). Briefly, the COQ11 ORF was PCR 

amplified from yeast genomic DNA using primers 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCgagaatctttattttcagggcGGCGGGGGCGGG

ATGATACCAAAGCTTATAGTTTTTGGAGGCAATGG-3’ and 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTGTCATTATGCTTTAAGTATTTCCTCAAG

TGTAACTACCCC-3’ into the pDONR221 vector (Invitrogen) with attB1/2 sequences 

(underlined). The forward primer contains a TEV site (lower case) for cleavage of protein tags, 

and a glycine linker (bold). Following generation of the entry clone, the gene of interest was 

recombined into the pDEST17 vector allowing inducible overexpression of 6xHis-tagged Coq11, 
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HC11 (Invitrogen). HC11 was transformed into DH5a competent E. coli cells (ThermoFisher) 

and single colonies were selected on LB plates with 100 µg/mL ampicillin incubated at 37 °C 

overnight. Correct clones were confirmed by DNA sequencing (Laragen). 

 Three additional Coq11 bacterial overexpression constructs were then constructed using 

Gibson Assembly (NEB). The COQ11 ORF was PCR amplified from pRS426COQ11 and 

cloned into either linearized pETSUMO (ThermoFisher) using the primers  

5’-gaggctcacagagaacagattggtggtATGATACCAAAGCTTATAGTTTTTGGAGGC-3’ and  

3’-cactttgcgccgaataaatacctaagcttgtctttaTTATGCTTTAAGTATTTCCTCAAGTGTAACTA-5’ to 

produce HSC11,  

or linearized DCLIC (ThermoFisher) using the primers  

5’-gctaaagcttgaactgaagtagaaaATGGGCAGCAGCCATCACCATCATCACCACAG-3’ and  

3’-ctataagctttggtatcatACCCTGGAAATACAAATTTTCGC-5’ to produce HMC11. The 

pETSUMO vector produces a 6xHis- and SUMO-tagged proteins for overexpression in bacteria. 

Generation of the DCLIC bacterial coexpression vector was performed by Dr. Lukas Susac in the 

lab of Professor Juli Feigon UCLA. DCLIC was created by cloning into the pETDuet vector 

(Sigma Aldrich) from the NcoI and XhoI site, and contains a 6xHis and GFP sequence for dual 

protein expression with GFP. However, HMC11 contains the COQ11 ORF including its stop 

codon to prevent GFP expression. HSC11 was transformed into DH5a competent E. coli cells 

(ThermoFisher) and single colonies were selected on LB plates with 50 µg/mL kanamycin. 

HMC11 was transformed into DH5a competent E. coli cells (ThermoFisher) and single colonies 
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were selected on LB plates with 100 µg/mL ampicillin incubated at 37 °C overnight. Correct 

clones were confirmed by DNA sequencing (Laragen). 

 His-MBP-Coq11-GFP (HMC11GFP) was constructed from HMC11 to allow for the co-

expression of Coq11 and GFP. Q5 Site Directed Mutagenesis (NEB) was performed using the 

HMC11 plasmid with the primers 5’-tttccagggtaaatctcttatcgacgtc-3’ and  

3’-tacaaattttcTGCTTTAAGTATTTCCTCAAG-5’, to mutate the Coq11 STOP codon from TAA 

to a cleavable TEV site. HMC11GFP was transformed into DH5a competent E. coli cells 

(ThermoFisher) and single colonies were selected on LB plates with 100 µg/mL ampicillin 

incubated at 37 °C overnight. Successful cloning was confirmed by DNA sequencing (Laragen). 

   

Induction of Coq11 tagged constructs for overexpression in bacteria 

 Each of the following plasmids, HC11, HSC11, HMC11, and HMC11GFP, was 

transformed into E. coli BL21(DE3) (Invitrogen). The HC11 culture was grown in LB with 100 

µg/mL ampicillin at 37 °C to an A600 = 0.6-0.8 before expression was induced with β-D 

thiogalactopyranoside (IPTG). The HSC11, HMC11, and HMC11GFP constructs were grown in 

M9 minimal media with appropriate selection at 37 °C to an A600 = 0.6-0.8, and transferred to 18 

°C for 1 h prior to induction with IPTG. Specific expression conditions for each plasmid are 

listed in Table 3.  
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Purification of HC11  

 Induction of protein expression was assessed by taking a sample pre- and post-induction 

and visualizing eith commission stain prior to initiating each attempt at purification. Induced 

cells expressing HC11 were harvested by centrifugation at 5,000 × g for 10 min at 4 °C and lysed 

with sonication in lysis buffer (50 mM NaH2PO4, pH 8.0, 500 mM NaCl, 10 mM imidazole, 10% 

glycerol, 1 mM DTT, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, Complete 

EDTA-free protease inhibitor). Cell lysate was centrifuged at 10,000 × g for 45 min at 4 °C, at 

which point the soluble and insoluble fractions were collected separately. The soluble fraction 

was incubated for 2 h at 4 °C with Ni-NTA resin (Qiagen), pre-equilibrated overnight at 4 °C in 

0.1 M NaH2PO4, 0.01 M Tris-Cl, 6M Guanidine HCl, pH 8.0. The Ni-NTA bound with protein 

were loaded into a gravity column, as washed three times with 2 column volumes (CV) of wash 

buffer (20 mM imidazole in 50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM 

DTT, and 0.1% Triton X-100). Protein was eluted from the Ni-NTA resin twice with 1.5 CV of 

elution buffer (wash buffer with 500 mM imidazole).  

 

Purification of HSC11 and HMC11 

 Induced cells expressing either HSC11 or HMC11 were harvested by centrifugation at 

5,000 × g for 15 min at 4 °C. Pellets were resuspended in lysis buffer (50 mM Tris, 30 mM 

NaCl, 3 mM NaN3, 30 mM imidazole, 10% glycerol, 0.1% Triton X-100), supplemented with 

lysozyme, and lysed by sonication. Lysates were clarified by ultracentrifugation 25,000 × g for 1 

h at 4 °C, filtered, and the supernatant was applied to the Ni sepharose affinity column (HisTrap 

HP; GE Healthcare) by the AKTA purification system (GE Healthcare). Prior to application of 



	 67 

the supernatant, the column was flushed with 5 CV dH2O followed by 5 CV wash buffer (50 mM 

Tris pH 7.5, 5% glycerol, 1 M NaCl, 1 mM TCEP, 30 mM imidazole, 3 mM NaN3) with a flow 

rate of 5 mL/min. The soluble sample was purified using 5 CV of wash buffer and eluted from 

the column with 5 CV of elution buffer (wash buffer supplemented with 300 mM imidazole). 

About 1 mL of the eluate was collected based on the UV absorbance of the sample to ensure the 

protein of interest was not diluted with excess buffer. 	

 

Purification of HMC11GFP 

 Induced cells expressing HSC11GFP were purified using a Ni sepharose affinity column 

(HisTrap HP; GE Healthcare) by the AKTA purification system (GE Healthcare), as described 

above. The eluates of HSC11GFP that showed visible signs of full-length protein expression, 

fluorescing a green color, were pooled and concentrated with Amicon (Sigma). Concentrated 

samples were further purified by size exclusion chromatography (SEC; HiLoad 26/600 Superdex 

75; GE Healthcare). The protein peak concentrations were measured. 

 

Analysis of Q6 and Q6-intermediates 

 Yeast cultures were grown overnight in 25 mL of YPD. Cultures were diluted into 

triplicates of 6 mL fresh medium to A600 = 0.5, and 5 mL were harvested by centrifugation once 

they reached A600 ~ 4. The cell density was recorded at the time of harvest, and cell pellets were 

stored at −20 °C. Following collection, frozen cell pellets were lipid extracted in the presence of 

the internal standard Q4 and analyzed for Q6 and Q6-intermediates by LC-MS/MS as described 
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(16). Standards of Q6 and Q4 were obtained from Avanti Polar Lipids and Sigma-Aldrich, 

respectively. 

 

Stable isotope labeling for determination of de novo Q6 and Q6-intermediates 

 Yeast cultures were grown overnight in 25 mL of YPD, DOD, or selection 

(SD−Complete or SD−Ura) for strains harboring plasmids. Cultures were diluted in triplicates of 

6 mL fresh medium to an A600 = 0.1. Cultures were incubated until they reached an A600 ~ 0.5, at 

which point ethanol vehicle control (0.1% vol/vol) or 5 µg/mL of the stable isotope 13C6-4HB 

(Cambridge Isotope Laboratories, Inc.) was added. Cultures were allowed to grow over a period 

of 5 h, and at each hour time point (including 0 h) 5 mL of each culture was harvested by 

centrifugation, cell culture density was recorded, and pellets were stored at −20 °C. Cell pellets 

were lipid extracted in the presence of the Q4 internal standard and analyzed by LC-MS/MS as 

described (16).  

 

Construction of high-copy COQ11 yeast expression vectors 

 Two high-copy COQ11 containing plasmids were constructed using the pRS426 high-

copy empty vector. The COQ11 open reading frame and regions corresponding to 842 bp 

upstream and 256 bp downstream, or the reverse of this sequence, were PCR amplified from 

BY4742 yeast and cloned into pRS426 using Gibson Assembly (NEB). Primers were designed 

using SnapGene (GSL Biotech, LLC). Clones were sequenced by Laragen, and successful 

clones, along with the corresponding empty vector (pRS426) control, were transformed into wild 

type and mutant yeast as described (30).  
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RESULTS 

The Coq11 polypeptide is detectable by a new Coq11 polyclonal antibody 

 Coq polypeptides serve important enzymatic roles in Q6 biosynthesis and are crucial for 

appropriate CoQ synthome formation (1,4). Deletion of certain COQ genes results in 

destabilization of other Coq polypeptides, highlighting the functional relationship between Coq 

proteins (31). Detection of Coq polypeptide levels is typically accomplished via immunoblotting 

and use of primary antibodies against the protein of interest. Upon its identification as a member 

of the CoQ synthome, Coq11 protein levels could only be probed indirectly using antibodies to a 

tagged Coq11 isoform (12). Here, we have generated a novel Coq11 polyclonal antibody using a 

synthetic peptide-antigen to a unique sequence in the COQ11 ORF (Fig. 1A). Antisera were 

diluted 1:500 in SDS-PAGE blocking buffer, and evaluated for its ability to detect Coq11.  

 In wild-type yeast mitochondria Coq11 migrated at about 32 kDa (Fig. 1B). The antisera 

consistently detected a doublet of bands at this molecular weight, and therefore coq11∆ 

mitochondria were included as a control to ensure the correct band corresponding to Coq11 was 

detected. Mitochondria prepared from coq11∆ showed a disappearance of the lower doublet 

band, while Coq11-CNAP showed a slight upward shift of the Coq11 band, indicated by the red 

arrow, corresponding to ~ 3 kDa increase in molecular weight due to the integrated protein tag 

(Fig. 1B). The absent Coq11 polypeptide in the coq11∆ mutant was restored in yeast coq11∆ cell 

expressing the lcCOQ11 plasmid (Fig. 1B). These data demonstrate that the new Coq11 antibody 

is capable of detecting Coq11 protein expression in yeast mitochondria. 
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Coq11 purification from E. coli for subsequent enzymatic and structural characterization 

remains challenging 

 Although it is clear that Coq11 associates with the CoQ synthome and is required for 

efficient Q6 biosynthesis, the functional role of Coq11 within the Q6 biosynthetic pathway has 

yet to be realized (12). Sequence analyses revealed Coq11 as a member of the SDR superfamily 

of oxidoreductases, which catalyze a variety of enzymatic reactions including isomerization, 

decarboxylation, epimerization, imine reduction, and carbonyl-alcohol oxidoreduction (12,18). 

SDR superfamily proteins possess a conserved Rossmann fold used in the binding of nucleotide 

co-factors that assist in enzymatic reactions (19). In order to perform Coq11 enzymatic activity 

assays, structurally characterize the protein, and identify any bound co-factors, we have 

attempted to overexpress and purify Coq11 from E. coli.  

 Coq11 was initially tagged with a 6xHis motif (HC11) on its N-terminus (Fig. 2A). This 

vector was tested for expression induction at different temperatures with varying concentrations 

of IPTG (Fig. 2B). A strong band corresponding to HC11 expression appeared at 34 kDa with 

induction using 4 mM IPTG at 37 °C for 2 h. However, only a small portion of the total HC11 

resided in the soluble fraction following cell lysis by sonication (Fig. 2C). The soluble fraction 

was loaded onto Ni-NTA resin and purification of HC11 was performed with a gravity column 

(Fig. 2D). Several impurities remained following the purification, which were visualized in the 

eluate (E) lane (Fig. 2D).  

 Often, creating a protein fusion with small ubiquitin-related modifier (SUMO) or 

maltose-binding protein (MBP) in combination with 6xHis may increase protein solubility and 

overall yield of purified protein product (32). Due to loss of HC11 in the insoluble fraction and 
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difficulties isolating the protein with a simple purification workflow, both His-SUMO-Coq11 

(HSC11) and His-MBP-Coq11 (HMC11) were generated to improve protein solubility and 

production (Fig. 3A,C). Optimal induction conditions for both constructs were evaluated and 

each was purified using the AKTA purification system (Fig. 3B, D). Because HSC11 was almost 

entirely insoluble purification was not successful (Fig. 3B). A portion of HMC11 was present in 

the soluble fraction of the lysate, and had a low recovery in the eluate following purification 

(Fig. 3D). There was also a considerable amount of suspected protein truncation products and 

contamination in the eluate of HMC11, encompassing the multiple bands below the band of 

interest (Fig. 3D). We hypothesize that protein truncation occurred because of the high levels of 

HMC11 expression triggering the E. coli to degrade the protein. Alternatively, degradation could 

be happening during the purification itself.  

 To distinguish full-length HMC11 from degradation products, a new construct was 

created to produce a read-through Coq11 protein fusion with green fluorescent protein 

(HMC11GFP) (Fig. 4A). This novel co-expression plasmid fluoresced a green color only when a 

full protein is produced. Expression induction gave a cell pellet with a distinctly green color (Fig. 

4B). The cell pellet was lysed by sonication and the soluble fraction was purified using the 

AKTA purification system (Fig. 4C). Despite the presence of several assumed degradation 

products in the eluate, there was a prevalent band at the expected molecular weight for 

HMC11GFP (~ 103 kDa) (Fig. 4C). Eluates were pooled, run on a size-exclusion column (SEC), 

and several fractions were evaluated for the presence of HMC11GFP (Fig. 4D).  

 Because fractions 10-32 had varying levels of green fluorescence, an aliquot of every-

other fraction in this range was visualized using SDS-PAGE (Fig. 4D). Fractions 10-18 were 
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slightly green, 20-22 were not very green, while 28-32 were extremely green. Based on UV-

analysis of each of these fractions, it seems that 28-32 contain solely GFP with a strong 395 nm 

absorbance (data not shown). The most predominant band in these fractions has a molecular 

weight of ~ 27 kDa, corresponding to GFP (Fig. 4D). While fractions 10 and 12 also have a large 

395 nm absorbance, the levels become incrementally lower in fractions 14-22 (data not shown). 

 This information nicely reflects the results depicted in Fig. 4D. The full-length 

HMC11GFP is present in the upper band in fractions 10-22 (Fig. 4D). The band is steadily 

decreasing with increasing fraction number, mirroring the decrease in GFP absorbance in these 

fractions. We suspect that the most prominent band in fractions 14-20 corresponds to a truncated 

version of the full-length HMC11GFP that is being degraded from the C-terminus (Fig. 4D), 

therefore missing GFP and not producing a strong green color nor exhibiting typical GFP UV-

absorbance. This band also may contain N-terminal truncation products missing MBP. Although 

this construct appears to provide the most promising Coq11 purification products, there is still 

significant work needed in order to have a product pure enough for enzymatic assay and/or 

structural studies. It should be noted that the expression from each construct has not yet been 

tested on protein extracts using the Coq11 antibody. 

         

Deletion of COQ11 has a greater effect on de novo Q6 biosynthesis in the BY4742 genetic 

background compared to the W303 genetic background 

 Previous work determined that coq11∆ mutants produce significantly less de novo Q6 

compared to wild type in the S. cerevisiae BY4741 genetic background (12). In the same study, 

Coq11-CNAP in W303 yeast was found to associate with several Coq polypeptides components 
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of the CoQ synthome (12). It is important to investigate the role of genes in multiple genetic 

backgrounds of yeast because the strains differ greatly—Coq11 may be required for proper Q 

biosynthesis in one background but not in the other (1). In order to confirm the requirement of 

Coq11 in Q6 biosynthesis in both BY4742 and W303, whole cell de novo synthesized 13C6-Q6 

and 12C-Q6 were measured in coq11∆ mutants in each genetic background by feeding the 

quinone ring-labeled precursor, 13C6-4HB (Fig. 5). These analyses were performed in the 

minimal drop-out dextrose (DOD) media to match the conditions of the published results (12).  

 Consistent with prior results (12,17), the coq11∆ BY4742 mutant produced significantly 

decreased de novo synthesized 13C6-Q6 and 12C-Q6 compared to wild type (Fig. 5D,E). The 

coq11Δ mutant in the BY4742 genetic background also had lower total Q6 content (13C6-Q6 + 

12C-Q6) than wild type (Fig. 5F). In contrast, the coq11∆ W303 mutant produced only slightly de 

novo synthesized 13C6-Q6 and 12C-Q6 compared to wild type, often not to a level of significance 

(Fig. 5A,B). Total Q6 content (13C6-Q6 + 12C-Q6) was not significantly lower in coq11Δ 

compared to wild type (Fig. 5C). These results demonstrate that there are significant genetic 

background differences in the role of Coq11 in Q6 biosynthesis. Perhaps there is a Coq11 

redundancy in W303 that is not present in BY4742, or W303 may simply be a more robust 

background than BY4742.  

 

Coq11 is not a redundant decarboxylase to Pad1 and Fdc1  

 The challenges with Coq11 purification coupled with its background specific effects on 

Q6 biosynthesis has made Coq11 characterization difficult. As mentioned previously, one 

potential function of Coq11 lies in its sequence similarities with the SDR superfamily of proteins 
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that contain a Rossmann fold used to catalyze a variety of enzymatic reactions (12). It is possible 

that Coq11 may use its Rossmann fold to catalyze an FMN-dependent decarboxylation reaction 

in Q6 biosynthesis. The production of small amounts of Q6 in coq11∆ mutants suggests that there 

may be redundant decarboxylases in the Q6 biosynthetic pathway capable of bypassing Coq11 

(Fig. 5). We hypothesized that these enzymes might be Pad1 and Fdc1, two phenylacrylic acid 

decarboxylases with homology to the E. coli Q8 biosynthetic decarboxylases UbiD and UbiX 

(Fig. 6A) (22,33).  

 It has been previously shown that pad1Δ, fdc1Δ, and pad1Δfdc1Δ mutants all contain 

normal Q6 levels in S. cerevisiae W303 and YPH499 (23,34). A pad1Δfdc1Δcoq11Δ triple 

mutant was generated in both W303 and BY4742 yeast and de novo Q6 production was 

determined to assess whether Pad1, Fdc1, and Coq11 are redundant decarboxylases in Q6 

biosynthesis (Fig. 6 and Fig. 7). The pad1Δfdc1Δ BY4742 mutant produced slightly decreased 

de novo synthesized 13C6-Q6 and 12C-Q6 compared to wild type over five hours (Fig. 6B,C). The 

inconsistency with prior results may be explained by the use of minimal media here compared 

with rich media, and the background differences in BY4742 yeast (23). Although coq11Δ 

BY4742 had significantly decreased de novo synthesized 13C6-Q6 and 12C-Q6 compared to wild 

type over five hours, the pad1Δfdc1Δcoq11Δ BY4742 triple mutant had intermediate de novo 

synthesized 13C6-Q6 and 12C-Q6 to coq11Δ and pad1Δfdc1Δ (Fig. 6B,C). There was similar trend 

of pad1Δfdc1Δcoq11Δ BY4742 intermediate total Q6 content (13C6-Q6 + 12C-Q6) (Fig. 6D).   

 Due to the minimal effect of COQ11 deletion on W303 Q6 biosynthesis (Fig. 5), 

additional experiments were conducted with a pad1Δfdc1Δcoq11Δ W303 triple mutant to 

complement the results in the BY4742 genetic background (Fig. 7). Consistent with previous 
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results (23), pad1Δfdc1Δ W303 produced a similar amount de novo synthesized 13C6-Q6 and 12C-

Q6 compared to wild type over five hours (Fig. 7A,B). Because the coq11Δ W303 mutant had no 

difference in de novo synthesized 13C6-Q6 and 12C-Q6 compared to wild type over five hours 

(Fig. 7A,B), the pad1Δfdc1Δcoq11Δ BY4742 triple mutant also produced similar de novo 

synthesized 13C6-Q6 and 12C-Q6 to coq11Δ,  pad1Δfdc1Δ, and wild type (Fig. 7A,B). There was 

also no difference between the W303 mutants and wild type total Q6 content (13C6-Q6 + 12C-Q6) 

(Fig. 7C). Ultimately, these results demonstrate that Coq11, Pad1, and Fdc1 are not redundant 

decarboxylases within the Q6 biosynthetic pathway, or there is yet another redundant 

decarboxylase involved in this step of Q6 synthesis.   

 

Coq11 overexpression in the coq11Δ mutant has been unsuccessful  

 Coq11 has been effectively expressed on a low copy plasmid (lcCOQ11, Fig. 1B), and 

was shown to rescue de novo Q6 biosynthesis in coq11Δ mutant yeast (17). Because the deletion 

of COQ11 is beneficial to the mitochondria causing increased amounts of several key Coq 

polypeptides, a stabilized CoQ synthome, and increased respiration and mitochondrial Q6 content 

in the context of a coq11Δ mutant (17), we hypothesized that Coq11 overexpression might be 

detrimental to the cell. Coq11 was overexpressed using the pRS426 vector and transformed into 

coq11Δ yeast (pRS426COQ11) along with the empty vector control (pRS426) (Table 2). Whole 

cell de novo synthesized 13C6-Q6 and 12C-Q6 were measured in the coq11∆ mutant or wild type 

cells expressing either empty vector or pRS426COQ11 (Fig. 8A,B). Total Q6 content (13C6-Q6 + 

12C-Q6) was not rescued in coq11∆ expressing pRS426COQ11 versus coq11∆ harboring the 
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empty vector (Fig. 8A). Yet, mitochondria purified from coq11∆ + pRS426COQ11 yeast had no 

detectable amounts of Coq11 protein (Fig. 8B).  

 In an attempt to truly overexpress Coq11, the same DNA sequence of COQ11 from 

pRS426COQ11 was cloned into pRS426 again, but in the reverse direction to produce 

pRS426COQ11rev (Table 2). Again, total Q6 content (13C6-Q6 + 12C-Q6) was not rescued in 

coq11∆ expressing pRS426COQ11rev (Fig. 8C) while mitochondria purified from coq11∆ + 

pRS426COQ11rev yeast also had no detectable amounts of Coq11 protein (Fig. 8D). Based on 

this data, Coq11 appears to be toxic to cells at high levels, causing it to be quickly degraded. 

Another explanation for these results is that Coq11 expression from this plasmid requires key 

regulatory elements that are outside of the cloned region.  

 

Coq11 overexpression no effect on Q6 content in wild-type yeast   

 Several Coq11 yeast expression constructs were generated and used to transform W303 

yeast (Table 2, Fig. 9A): Integrated low copy Coq11 under control of its own promoter 

(pCOQ11/ST1), high copy Coq11 under control of its own promoter (pCOQ11/ST3), and 

integrated under control of the Gal promoter (pGal/COQ11). Whole cells expressing each 

plasmid showed no difference in Q6 amount compared to wild type (Fig. 9B). While the 

pGal/COQ11 strain did show high Coq11 protein levels, the majority of the strains showed no 

marked increase in Coq11 expression (Fig. 9C), as seen in overexpression attempts using the 

pRS426 vector (Fig. 8B, D). It will be interesting to determine how Coq11 overexpression from 

integrated pGal/COQ11 effects Coq11 protein levels and Q6 content in the coq11∆ mutant.  
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DISCUSSION & FUTURE DIRECTIONS 

 Genetic and biochemical experiments have recently determined that Coq11 associates 

with the CoQ synthome and is required for efficient de novo Q6 biosynthesis (12). Here, we 

present several strategies to characterize the specific role of Coq11 within the Q6 biosynthetic 

pathway. A polyclonal antibody has been developed that precisely recognizes epitopes on the 

Coq11 polypeptide (Fig. 1). This antibody has thus far been used to localize Coq11 within a 

discrete mitochondrial sub-compartment, determine protein levels in various mutants, and map 

the position of Coq11 within high molecular weight complexes (16,17). Future studies will have 

the capacity to show how Coq11 protein is effected in different strains and conditions.  

 Allan et. al discovered that Coq11 co-purifies with several Coq polypeptides in W303 

yeast, yet experiments regarding the necessity of Coq11 for efficient de novo Q6 biosynthesis 

were performed in BY4741 yeast (12). In fact, deletion of COQ11 causes a greater defect in Q6 

biosynthesis in BY472 yeast compared with W303 yeast (Fig. 5). S. cerevisiae lab strains of 

different genetic backgrounds often vary in crucial properties including cell size, cell volume, 

robustness of growth on non-fermentable medium, salt tolerance, plasma membrane potential, 

and mitochondrial respiratory activity (17,35,36). Although Coq11 associates with the Q6 

biosynthetic machinery in W303, it appears to have a less direct role in the production of Q6 in 

this genetic background. One explanation for this observation is that the robustness of the W303 

strain outcompetes the effects of coq11 deletion on W303 Q6 biosynthesis. The coq11∆ BY4742 

mutant may be unable to efficiently synthesize Q6 due to an unknown catalytic, structural, or 
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transportation role Coq11 plays. However, this role is not a vital in W303, perhaps because this 

background is able to compensate for the loss of the Coq11 polypeptide via other proteins or 

another form of regulation, despite both BY4742 and W303 having identical COQ11 genetic 

sequences. This is consistent with previous findings indicating that absence of COQ11 is 

beneficial for cellular respiration, and increases the stability of several Coq polypeptides and 

overall CoQ synthome formation, in the context of a coq10∆ BY4742 mutant (17). If Coq11 is a 

negative regulator of Q6, it follows that its deletion would not provide further benefits in a more 

vigorous cell line such as W303.  We thus recommend continuing studies of Coq11 use the 

BY4742 yeast genetic background. Additionally, it may be interesting to study Coq11 in other 

yeast genetic backgrounds where its requirement in Q6 biosynthesis has yet to be studied, 

including JM46 and CEN.PK. 

 Coq11 resides in a protein cluster defined largely by taxonomy with the SDR superfamily 

of proteins (12). This diverse family of oxidoreductases typically contain a conserved Rossmann 

fold that is used to bind nucleotide cofactors and carry out enzymatic reactions, including 

decarboxylations (19). Intriguingly, no enzyme is currently associated with the catalysis of the 

decarboxylation step in Q6 biosynthesis. Coq11 overexpression and purification was carried out 

to reveal whether it possessed a conserved Rossmann fold capable of carrying out the 

decarboxylation of Q6-intermediates and driving Q6 biosynthesis (Figs. 2, 3 & 4). These 

purifications schemes have utilized various protein fusion tags including 6xHis, SUMO, MBP, 

and GFP. In each case, solubility of the fusion proteins overexpressed in E. coli has presented 

challenges. Coq11 has been previously localized as a mitochondrial inner membrane protein, 
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facing the matrix side (17). Coq11 mitochondrial membrane localization, in addition to the low 

abundance of Coq polypeptides, are potential explanations for Coq11 purification difficulties.  

 The most promising candidate for Coq11 purification from E. coli seems to be the 6xHis-

MBP-Coq11-GFP (HMC11GFP) construct (Fig. 4). Full-length Coq11 was distinguished from 

truncation products, resulting from degradation during the purification process, using a GFP 

fusion protein that only fluoresced in the presence of read-through Coq11. However, there were 

still significant degradation contamination products present following SEC of the purified 

protein mixture (Fig. 4D). These degradation products need to be confirmed via immunoblotting 

with the Coq11 antibody. Future HMC11GFP purification strategies will include TEV cleavage 

from the two TEV sites within the fusion protein—following the 6xHis-MBP tag on the Coq11 

N-terminus and preceding the GFP on the Coq11 C-terminus, with TEV protease applied only to 

SEC fractions most likely to contain HMC11GFP. Reverse immobilized-metal affinity 

chromatography (IMAC) may then be used on the cleavage product to isolate purified Coq11 

from the severed fusion tags.  Alternative purification attempts may be conducted using Coq11 

overexpression constructs directly in yeast or other organisms, where the protein could be more 

stable than when it is expressed from E. coli.  

 Phylogenetic analyses suggest that Coq11 may use its Rossmann fold to catalyze 

decarboxylation in yeast Q6 biosynthesis (12). The difficulties encountered during Coq11 

purification shifted our focus from direct decarboxylation studies to evaluating Q6 production of 

various mutants in the absence of COQ11. We hypothesized that Coq11 may work in 

conjunction with the phenylacrylic acid decarboxylases Pad1 and Fdc1 to perform FMN-

dependent decarboxylation (Figs. 6 & 7), similar to the reaction mechanism of UbiX and UbiD 
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in E. coli Q6 biosynthesis (22,34,37). Despite a clear decrease compared to wild type, there was 

still some level of de novo Q6 biosynthesis in the pad1Δfdc1Δcoq11Δ BY4742 triple mutant 

(Fig. 6). Pad1 and Fdc1 work cooperatively outside of the Q6 synthetic pathway to increase 

cinnamic acid, ferulic acid, para-coumaric acid and caffeinic acid decarboxylase activity in S. 

cerevisiae (38). Perhaps these proteins and Coq11 play an ancillary role to modify alternative Q6 

ring-precursors that feed into the pathway, including para-coumarate (1,39). This theory parallels 

the observation that the pad1Δfdc1Δcoq11Δ BY4742 triple mutant has increased total Q6 

compared the coq11Δ BY4742 single mutant (Fig. 6). In the absence of Pad1 and Fdc1, the cell 

is required to push through the more efficient route to Q6 biosynthesis using a distinct 4-HB 

precursor (1), resulting in increased de novo Q6 biosynthesis. Alternatively, Pad1 and Fdc1 may 

not partake in any facet of Q6 production, and Coq11 could have a relationship with an additional 

redundant decarboxylase that supplements its function. This is not completely consistent, 

however, with data showing that Pad1 expression from a plasmid complements the E. coli ubix 

mutant (34). Fdc1 has not yet been tested for its ability to rescue the E. coli ubiD mutant and 

these experiments will be the subject of future work. 

 Another possible functional role of Coq11 relates to the recent finding that Coq11 is a 

negative modulator of Q6 production (17). Expression of single-copy Coq11 on a plasmid 

rescued Coq11 protein expression and de novo Q6 production in a coq11Δ mutant (17). In 

contrast, several attempts at Coq11 overexpression from a plasmid have proved unsuccessful 

rescuing Q6 production or Coq11 protein expression, other than pGAL/COQ11 showing 

prominent overexpression in wild-type cells (Figs. 8 & 9). The pGAL/COQ11 construct has not 

yet been tested for its ability to restore Q6 biosynthesis or Coq11 protein expression in a coq11Δ 
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mutant.   Absence of Coq11 protein signal in Coq11 most overexpression conditions suggests 

one of three options, 1) the plasmids were missing regulatory features that are required for proper 

Coq11 expression, 2) Coq11 overexpression is toxic and therefore the cell is quickly degrading 

it, or 3) high-copy Coq11 is exerting a dominant negative effect. The first explanation seems 

unlikely since the exact same nucleotide sequence was used for Coq11 single-copy expression on 

pRS316, and produced a strong Coq11 signal (17). Upcoming experiments will employ 

alternative overexpression plasmids and use DNA sequences with larger flanking regions 

surrounding the COQ11 ORF, to further rule out this possibly. Alternatively, it would be 

interesting to clone only the COQ11 ORF into the pRCM vector where it would be under control 

of the CYC1 promoter, and properly imported into the mitochondria via the Coq3 mitochondrial 

leader sequence (40). 

 Formation of the CoQ synthome is a delicate process that may be disrupted by deletion of 

certain Coq polypeptides and other proteins (15,16,31,41), or stabilized by overexpression of 

other Coq polypeptides (42,43). If high levels of Coq11 are toxic to the cell and degraded 

immediately, or if Coq11 overexpression is dominant negative, the CoQ synthome will be 

dysregulated. The observation that coq11Δ + various COQ11 overexpression plasmids still 

produce low levels of Q6 is not consistent with this theory (Figs. 8 & 9); however, there may be 

compensatory mechanisms at work that allow minor amounts of CoQ synthome formation and 

Q6 production, prior to degradation. The findings presented here demonstrate that while progress 

has been made towards characterization of Coq11 function, stoichiometry, and protein partners 

within the Q6 biosynthetic pathway, there are still important studies to be performed.  
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Table 1. Genotype and source of yeast and E. coli strains. 

Strain Genotype/Specifications Source 

S. cerevisiae  

W303-1B 

 

MAT a ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 

 

R. Rothsteina 

BY4742 MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 (24) 

JM6 MAT a his-4 ρ0 (44) 

JM8  MAT α ade-1 ρ0 (44) 

BY4742 coq11Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq11::LEU2 

This work 

BY4742 pad1Δfdc1Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

pad1::HIS5 fdc1::HIS5 

(23) 

BY4742 coq11Δpad1Δfdc1Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq11::LEU2 pad1::HIS5 fdc1::HIS5 

This work 

W303 coq11Δ MAT a ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 

coq11::LEU2 

This work 

W303 Coq11-CNAP MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 

coq11::COQ11-CNAP-HIS3 

(12) 

W303 pad1Δfdc1Δ MAT a ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 

pad1::HIS5 fdc1::HIS5 

(23) 
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Table 1. Genotype and source of yeast and E. coli strains. (Cont.) 

 

aDr. Rodney Rothstein. Department of Human Genetics, Columbia University. 

 

 

 

 

 

 

 

 

 

Strain Genotype/Specifications Source 

W303 coq11Δpad1Δfdc1Δ MAT a ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 

coq11::LEU2 pad1::HIS5 fdc1::HIS5 

This work 

E. coli   

BL21(DE3) One Shot™ BL21(DE3) Chemically Competent Invitrogen 

DH5a Subcloning Efficiency™ DH5α Competent Cells ThermoFisher 
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Table 2. Yeast and bacterial expression vectors.  

Plasmid Genotype/Specifications Source 

lcCOQ11 Yeast shuttle vector pRS316 with yeast COQ11; 

low-copy 

(17) 

pRS426 Yeast shuttle vector; multi-copy (45) 

pRS246COQ11 Yeast shuttle vector pRS426 with yeast COQ11; 

high-copy 

This work 

pRS426COQ11rev Yeast shuttle vector pRS426 with reverse yeast 

COQ11; high-copy 

This work 

pDEST17 Bacteria Gateway™ destination vector; Inducible 

overexpression of 6xHis-tagged proteins  

J. Torresb 

HC11 Bacterial vector pDEST17 with yeast COQ11 This work 

DCLIC Bacterial coexpression vector with GFP; Created by 

cloning into pETDuet vector (EMD Biosciences) 

from NcoI and XhoI sites 

J. Feigonc 

HSC11 Bacterial expression vector pETSUMO with His6-

SUMO-COQ11  

This work 

HMC11 Bacterial coexpresison vector DCLIC with His6-

MBP-COQ11 

This work 
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Table 2. Yeast and bacterial expression vectors. (Cont.) 

 

bDr. Jorge Torres. Department of Chemistry & Biochemistry, UCLA. 

cDr. Juli Feigon. Department of Chemistry & Biochemistry, UCLA. 

dDr. Mario Barros. Departamento Microbiologia, Universidade de São Paulo.  

 

 

 

Plasmid Genotype/Specifications Source 

HMC11GFP Bacterial coexpresison vector DCLIC with His6-

MBP-COQ11-GFP 

This work 

pCOQ11/ST1 Yeast shuttle vector Ylp352 with yeast COQ11; 

low-copy 

M. Barrosd 

pCOQ11/ST3 Yeast shuttle vector YEp352 with yeast COQ11; 

high-copy 

M. Barrosd 

pGal/COQ11 Yeast shuttle vector Ylp351-GAL with yeast 

COQ11; high-copy 

M. Barrosd 

pDONR221 Gateway™ entry vector  J. Torresb 

pETSUMO Bacterial vector for inducible expression of N-

terminally 6xHis- and SUMO-tagged proteins 

J. Feigonc 
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Table 3. Final expression induction conditions for indicated bacterial Coq11 plasmids. 

Plasmid [IPTG] Temperature Length (time) 

HC11 4 mM 37 °C 2 h 

HSC11 0.5 mM 18 °C 18 h 

HMC11 0.5 mM 18 °C 18 h 

HMC11GFP 0.5 mM 18 °C 18 h 
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FIGURES 

 

 

 

 

Figure 1. A polyclonal Coq11 antibody is able to detect the Coq11 polypeptide in isolated 

mitochondria (17).  A, A synthetic peptide-antigen corresponding to a segment of the Coq11 

polypeptide was injected into rabbits for the production of a polyclonal antibody. Following 

several injections, antisera was received and tested for its ability to detect the Coq11 protein in 

yeast. B, Aliquots of purified mitochondria (25 µg) isolated from wild type, Coq11-CNAP, 

coq11D, and coq11D + lcCOQ11 were separated on a 10% Tris-Glycine SDS-PAGE gel to 

determine whether the new Coq11 antisera was able to detect the presence of Coq11. The 

position of Coq11 (32 kDa) and Coq11-CNAP (35 kDa) are indicated by black and red arrows, 

respectively. 
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Figure 2. A representative purification scheme of His-Coq11 suggests that this construct is 

not sufficient for large-scale Coq11 purification without impurities. A, The COQ11 ORF 

including a 6xHis tag (HC11) on its N-terminus was cloned into the pDEST17 vector as 

described in Experimental Procedures. B, Coq11 expression was induced with IPTG under 

various conditions to evaluate Coq11 overexpression. C, Coq11 expression was induced (4 mM 

IPTG, 37 °C, 2 h) and the presence of HC11 in either the soluble or insoluble fractions of the 

clear lysate was evaluated. D, HC11 was purified over a Ni-NTA gravity column; FT, column 

flow through; W, wash 1-3; E, eluate. An aliquot of 5 µL sample was loaded into each lane, and 

separated on 12% SDS-PAGE. The gel was subsequently stained with Coomassie and destained 

for visualization.  
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Figure 3. His-Coq11 tagged in combination with either SUMO or MBP does not improve 

Coq11 purification yield and results in truncated protein products. The COQ11 ORF was 

cloned into the pETSUMO or DCLIC vectors (Experimental Procedures, Table 2) as a protein 

fusion with A, SUMO or C, MBP, to increase overall protein expression and solubility. B & D, 

Each plasmid was expressed (0.5 mM IPTG, 18 ºC, O/N) and purified from 2 L of E. coli by 

application to an Ni-NTA column via an AKTA chromatography system; FT, column flow 

through; E, eluate. An aliquot of 5 µL sample was loaded into each lane, and separated on 12% 

SDS-PAGE. The gel was subsequently stained with Coomassie and destained for visualization.   
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Figure 4. Protein purification of MBP-Coq11-GFP results in similar protein truncation 

products that are challenging to circumvent. A, Final Coq11 purification construct attempted, 

His-MBP-Coq11-GPF (HMC11GFP). B, The protein is expressing GFP and harvested cells have 

a distinctly green color. C, The plasmid was expressed (0.5 mM IPTG, 18 ºC, O/N) and purified 

from 2 L of E. coli by application to an Ni-NTA column via an AKTA chromatography system; 

FT, column flow through; W, wash; E, eluate. D, The pooled elutes from ‘B’ were run on SEC, 

individual fractions were collected, and 5 µL from each fraction was loaded and separated on 

12% SDS-PAGE. The gels were subsequently stained with Coomassie and destained for 

visualization.   
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Figure 5. Deletion of COQ11 has a greater effect on de novo Q6 production in the BY4742 

genetic background compared to the W303 genetic background. Triplicates of 6 mL cultures 

in DOD minimal medium were grown to A600 ~ 0.5 and labeled with 5 µg/mL 13C6-4HB. At hour 

intervals from 0 – 5 h, 5 mL of each culture was collected, lipid extracted, and analyzed by LC-

MS/MS. A & D, Unlabeled 12C-Q6; B & E, De novo synthesized 13C6-Q6 (blue); and C & F, Total 

amount of Q6 determined from the sum of 13C6-Q6 and 12C-Q6, were measured from the whole-

cell lipid extracts of wild type and coq11Δ mutants in both the W303 (A-C) and BY4742 (D-F) 

genetic background. The values are the mean of three replicates. The data show mean ± SD, and 

the statistical significance as compared to wild type is represented by *p < 0.05, **p < 0.01, 

***p < 0.001 and ****p < 0.0001. The ‘ns’ denotation signifies that values are not significantly 

different than wild type. 
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Figure 6. Coq11, Pad1, and Fdc1 are not redundant decarboxylases in Q6 biosynthesis. A, 

Schematic of Pad1/Fdc1 involvement in decarboxylation. Triplicates of 6 mL cultures in DOD 

minimal medium were grown to A600 ~ 0.5 and labeled with 5 µg/mL 13C6-4HB. At hour intervals 

from 0 – 5 h, 5 mL of each culture was collected, lipid extracted, and analyzed by LC-MS/MS. 

B, De novo synthesized 13C6-Q6 (blue); C, Unlabeled 12C-Q6; and D, Total amount of Q6 

determined from the sum of 13C6-Q6 and 12C-Q6, were measured from the whole-cell lipid 

extracts of BY4742 and the coq11Δ, pad1Δfdc1Δ, and coq11Δpad1Δfdc1Δ mutants in the 

BY4742 genetic background. The values are the mean of three replicates. The data show mean ± 

SD, and the statistical significance as compared to wild type is represented by *p < 0.05, **p < 

0.01, ***p < 0.001 and ****p < 0.0001. The ‘ns’ denotation signifies that values are not 

significantly different than wild type. 
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Figure 7. Coq11, Pad1, Fdc1 mutants have little or no effect on de novo Q6 biosynthesis in 

the W303 background. Triplicates of 6 mL cultures in DOD minimal medium were grown to 

A600 ~ 0.5 and labeled with 5 µg/mL 13C6-4HB. At hour intervals from 0 – 5 h, 5 mL of each 

culture was collected, lipid extracted, and analyzed by LC-MS/MS. A, De novo synthesized 13C6-

Q6 (blue); B, Unlabeled 12C-Q6; and C, Total amount of Q6 determined from the sum of 13C6-Q6 

and 12C-Q6, were measured from the whole-cell lipid extracts of W303 and the coq11Δ, 

pad1Δfdc1Δ, and coq11Δpad1Δfdc1Δ mutants in the W303 genetic background. The values are 

the mean of three replicates. The data show mean ± SD, and the statistical significance as 

compared to wild type is represented by *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 

0.0001. The ‘ns’ denotation signifies that values are not significantly different than wild type. 
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Figure 8. Rescue of coq11∆ mutant de novo Q6 production is unsuccessful using two 

different overexpression constructs. Wild type and coq11∆ yeast was transformed with two 

Coq11 overexpression constructs, pRS426COQ11 or pRS426COQ11rev, and the empty vector 

control (Table 2). A & C, Triplicates of 6 mL culture in selection medium were labeled at A600 ~ 

0.5 with 5 µg/mL 13C6-4HB. After 4 h, 5 mL of each culture was harvest, lipid extracted, and 

analyzed by LC-MS/MS. Total amount of Q6 was plotted, from the sum of 12C-Q6 (white) and de 

novo 13C6-Q6 (blue). The values are the mean of three replicates. The data show mean ± SD, and 

the statistical significance as compared to wild type is represented by *p < 0.05, **p < 0.01, 

***p < 0.001 and ****p < 0.0001. B & D, Aliquots of purified mitochondria (25 µg) from wild 

type and mutant yeast containing empty vector or each Coq11 overexpression construct were 

isolated in YPGal medium and separated on 10% Tris-Glycine SDS-PAGE gels. Coq11 is not 

effectively overexpressed from either high-copy plasmid.  
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Figure 9. Coq11 low-copy and high-copy expression from three different constructs in 

W303 wild type yeast does significantly effect Q6 production. A, Three plasmids were 

constructed to express Coq11; Low-copy, integrated (pCOQ11/ST1); High-copy (pCOQ11/ST3); 

and high-copy under control of the Gal promotor (pGal/COQ11), integrated. B, Triplicates of 6 

mL cultures of W303 wild type, coq11∆ W303, and W303 expressing each of the 

aforementioned plasmids. in YPD media were seeded at A600 ~ 1, allowed to grow for 4 h, and 

then 5 mL were harvested by centrifugation. Each cell pellet was lipid extracted, and analyzed by 

LC-MS/MS for Q6 content. The values are the mean of three replicates. The data show mean ± 

SD, and the statistical significance as compared to wild type is represented by **p < 0.01. C, 

Aliquots of purified mitochondria (25 µg) from the aforementioned strains were isolated in 

YPGal medium and were separated on 10% Tris-Glycine SDS-PAGE gels to determine Coq11 

protein expression. 

W30
3 11

Δ

pC
OQ
11

/ST1

pC
OQ
11

/ST3

pGal/
COQ11

0

50

100

150

 

pm
ol

 Q
6/A

60
0

**

pGAL/COQ11
5850 bps

1000

2000

3000

4000

5000

HindIII,15
Nde I,298

Bgl II,474
BstBI,536
Stu I,585

Pst I,711

Sca I,897

981
BamHI
Xba I
Sal I
Pst I
Sph I
HindIII
1011

EcoRV,2046
BstXI,2080

EcoRI,2157

Afl II,2479
Kpn I,2547

Cla I,2643
BstBI,2673

BstEII,2759

BIBst,3161

ISca,3639

RIEco,5366
ISac,5372

HIBam,5850

COQ11

LEU2
amp

GAL10

pCOQ11/ST1(b)
5824 bps

1000

2000

3000

4000

5000

EcoRI,15
Sac I,21
Kpn I,27
Sma I,31
BamHI,36

Sca I,156
Pst I,342

Stu I,468
BstBI,517
Bgl II,579

Nde I,755

HindIII,1038
HindIII,1068

EcoRV,1493

1557
BamHI
Xba I
Sal I
Pst I
Sph I
HindIII
1587

Nsi I,1860

Stu I,2249
Apa I,2309

Sca I,2373
BstBI,2419

Nco I,2478
EcoRV,2497

Nde I,2766

ISca,4112

COQ11

URA3

amp

pCOQ11/ST3
6702 bps

1000

2000

3000
4000

5000

6000

EcoRI,15
Sac I,21
Kpn I,27
Sma I,31
BamHI,36
EcoRV,100

BspHI,230
HindIII,525
HindIII,555

Nde I,838
Bgl II,1014
BstBI,1076
Stu I,1125

Pst I,1251

Sca I,1437
1557
BamHI
Xba I
Sal I
Pst I
Sph I
HindIII
1587

Nsi I,1860

Stu I,2249
Apa I,2309
Sca I,2373
BstBI,2419
Nco I,2478
EcoRV,2497

Nde I,2766
Hpa I,3132INsi,3420

HIBsp,4528
HIBsp,4633

ISca,4990

HIBsp,5641

COQ11

URA3

2u

bla

Coq11 (32 kDa)

37

25

kDa

Short exposure

Long exposure

37

25

Coq11 (32 kDa)

A 

B C 



	 96 

REFERENCES  

1. Awad, A. M., Bradley, M. C., Fernandez-Del-Rio, L., Nag, A., Tsui, H. S., and Clarke, 

C. F. (2018) Coenzyme Q10 deficiencies: pathways in yeast and humans. Essays Biochem 

62, 361-376 

2. Frei, B., Kim, M. C., and Ames, B. N. (1990) Ubiquinol-10 is an effective lipid-soluble 

antioxidant at physiological concentrations. Proc Natl Acad Sci U S A 87, 4879-4883 

3. Quinzii, C. M., Kattah, A. G., Naini, A., Akman, H. O., Mootha, V. K., DiMauro, S., and 

Hirano, M. (2005) Coenzyme Q deficiency and cerebellar ataxia associated with an 

aprataxin mutation. Neurology 64, 539-541 

4. Wang, Y., and Hekimi, S. (2019) The Complexity of Making Ubiquinone. Trends 

Endocrinol Metab  

5. Muller, T., Buttner, T., Gholipour, A. F., and Kuhn, W. (2003) Coenzyme Q10 

supplementation provides mild symptomatic benefit in patients with Parkinson's disease. 

Neurosci Lett 341, 201-204 

6. Hernandez-Camacho, J. D., Bernier, M., Lopez-Lluch, G., and Navas, P. (2018) 

Coenzyme Q10 Supplementation in Aging and Disease. Front Physiol 9, 44 

7. Zaki, N. M. (2016) Strategies for oral delivery and mitochondrial targeting of CoQ10. 

Drug Deliv 23, 1868-1881 

8. Lee, J. S., Suh, J. W., Kim, E. S., and Lee, H. G. (2017) Preparation and Characterization 

of Mucoadhesive Nanoparticles for Enhancing Cellular Uptake of Coenzyme Q10. J Agric 

Food Chem 65, 8930-8937 



	 97 

9. Herebian, D., Lopez, L. C., and Distelmaier, F. (2018) Bypassing human CoQ10 

deficiency. Mol Genet Metab 123, 289-291 

10. Berenguel Hernandez, A. M., de la Cruz, M., Alcazar-Fabra, M., Prieto-Rodriguez, A., 

Sanchez-Cuesta, A., Martin, J., Tormo, J. R., Rodriguez-Aguilera, J. C., Cortes-

Rodriguez, A. B., Navas, P., Reyes, F., Vicente, F., Genilloud, O., and Santos-Ocana, C. 

(2020) Design of High-Throughput Screening of Natural Extracts to Identify Molecules 

Bypassing Primary Coenzyme Q Deficiency in Saccharomyces cerevisiae. SLAS Discov 

25, 299-309 

11. Stefely, J. A., and Pagliarini, D. J. (2017) Biochemistry of Mitochondrial Coenzyme Q 

Biosynthesis. Trends Biochem Sci 42, 824-843 

12. Allan, C. M., Awad, A. M., Johnson, J. S., Shirasaki, D. I., Wang, C., Blaby-Haas, C. E., 

Merchant, S. S., Loo, J. A., and Clarke, C. F. (2015) Identification of Coq11, a new 

coenzyme Q biosynthetic protein in the CoQ-synthome in Saccharomyces cerevisiae. J 

Biol Chem 290, 7517-7534 

13. Marcotte, E. M., Pellegrini, M., Ng, H. L., Rice, D. W., Yeates, T. O., and Eisenberg, D. 

(1999) Detecting protein function and protein-protein interactions from genome 

sequences. Science 285, 751-753 

14. Allan, C. M., Hill, S., Morvaridi, S., Saiki, R., Johnson, J. S., Liau, W. S., Hirano, K., 

Kawashima, T., Ji, Z., Loo, J. A., Shepherd, J. N., and Clarke, C. F. (2013) A conserved 

START domain coenzyme Q-binding polypeptide is required for efficient Q biosynthesis, 

respiratory electron transport, and antioxidant function in Saccharomyces cerevisiae. 

Biochim Biophys Acta 1831, 776-791 



	 98 

15. Barros, M. H., Johnson, A., Gin, P., Marbois, B. N., Clarke, C. F., and Tzagoloff, A. 

(2005) The Saccharomyces cerevisiae COQ10 gene encodes a START domain protein 

required for function of coenzyme Q in respiration. J Biol Chem 280, 42627-42635 

16. Tsui, H. S., Pham, N. V. B., Amer, B. R., Bradley, M. C., Gosschalk, J. E., Gallagher-

Jones, M., Ibarra, H., Clubb, R. T., Blaby-Haas, C. E., and Clarke, C. F. (2019) Human 

COQ10A and COQ10B are distinct lipid-binding START domain proteins required for 

coenzyme Q function. J Lipid Res 60, 1293-1310 

17. Bradley, M. C., Yang, K., Fernandez-Del-Rio, L., Ngo, J., Ayer, A., Tsui, H. S., Novales, 

N. A., Stocker, R., Shirihai, O. S., Barros, M. H., and Clarke, C. F. (2020) COQ11 

deletion mitigates respiratory deficiency caused by mutations in the gene encoding the 

coenzyme Q chaperone protein Coq10. J Biol Chem 295, 6023-6042 

18. Marchler-Bauer, A., Zheng, C., Chitsaz, F., Derbyshire, M. K., Geer, L. Y., Geer, R. C., 

Gonzales, N. R., Gwadz, M., Hurwitz, D. I., Lanczycki, C. J., Lu, F., Lu, S., Marchler, G. 

H., Song, J. S., Thanki, N., Yamashita, R. A., Zhang, D., and Bryant, S. H. (2013) CDD: 

conserved domains and protein three-dimensional structure. Nucleic Acids Res 41, D348-

352 

19. Rossmann, M. G., Moras, D., and Olsen, K. W. (1974) Chemical and biological evolution 

of nucleotide-binding protein. Nature 250, 194-199 

20. Kopec, J., Schnell, R., and Schneider, G. (2011) Structure of PA4019, a putative aromatic 

acid decarboxylase from Pseudomonas aeruginosa. Acta Crystallogr Sect F Struct Biol 

Cryst Commun 67, 1184-1188 



	 99 

21. Rangarajan, E. S., Li, Y., Iannuzzi, P., Tocilj, A., Hung, L. W., Matte, A., and Cygler, M. 

(2004) Crystal structure of a dodecameric FMN-dependent UbiX-like decarboxylase 

(Pad1) from Escherichia coli O157: H7. Protein Sci 13, 3006-3016 

22. White, M. D., Payne, K. A., Fisher, K., Marshall, S. A., Parker, D., Rattray, N. J., 

Trivedi, D. K., Goodacre, R., Rigby, S. E., Scrutton, N. S., Hay, S., and Leys, D. (2015) 

UbiX is a flavin prenyltransferase required for bacterial ubiquinone biosynthesis. Nature 

522, 502-506 

23. Gulmezian, M. (2006) Characterization of Escherichia coli ubiX, Saccharomyces 

cerevisiae PAD1 and YDR539W, and a Complex of Polypeptides Involved in Coenzyme 

Q Biosynthesi. Ph.D., University of California Los Angeles 

24. Brachmann, C. B., Davies, A., Cost, G. J., Caputo, E., Li, J., Hieter, P., and Boeke, J. D. 

(1998) Designer deletion strains derived from Saccharomyces cerevisiae S288C: a useful 

set of strains and plasmids for PCR-mediated gene disruption and other applications. 

Yeast 14, 115-132 

25. Thomas, B. J., and Rothstein, R. (1989) Elevated recombination rates in transcriptionally 

active DNA. Cell 56, 619-630 

26. Barkovich, R. J., Shtanko, A., Shepherd, J. A., Lee, P. T., Myles, D. C., Tzagoloff, A., 

and Clarke, C. F. (1997) Characterization of the COQ5 gene from Saccharomyces 

cerevisiae. Evidence for a C-methyltransferase in ubiquinone biosynthesis. J Biol Chem 

272, 9182-9188 

27. Rothstein, R. J. (1983) One-step gene disruption in yeast. Methods Enzymol 101, 202-211 

28. Gietz, R. D., and Woods, R. A. (2002) Transformation of yeast by lithium acetate/single-

stranded carrier DNA/polyethylene glycol method. Methods Enzymol 350, 87-96 



	 100 

29. Glick, B. S., and Pon, L. A. (1995) Isolation of highly purified mitochondria from 

Saccharomyces cerevisiae. Methods Enzymol 260, 213-223 

30. Elble, R. (1992) A simple and efficient procedure for transformation of yeasts. 

Biotechniques 13, 18-20 

31. Hsieh, E. J., Gin, P., Gulmezian, M., Tran, U. C., Saiki, R., Marbois, B. N., and Clarke, 

C. F. (2007) Saccharomyces cerevisiae Coq9 polypeptide is a subunit of the 

mitochondrial coenzyme Q biosynthetic complex. Arch Biochem Biophys 463, 19-26 

32. Bell, M. R., Engleka, M. J., Malik, A., and Strickler, J. E. (2013) To fuse or not to fuse: 

what is your purpose? Protein Sci 22, 1466-1477 

33. Mukai, N., Masaki, K., Fujii, T., Kawamukai, M., and Iefuji, H. (2010) PAD1 and FDC1 

are essential for the decarboxylation of phenylacrylic acids in Saccharomyces cerevisiae. 

J Biosci Bioeng 109, 564-569 

34. Gulmezian, M., Hyman, K. R., Marbois, B. N., Clarke, C. F., and Javor, G. T. (2007) The 

role of UbiX in Escherichia coli coenzyme Q biosynthesis. Arch Biochem Biophys 467, 

144-153 

35. Petrezselyova, S., Zahradka, J., and Sychrova, H. (2010) Saccharomyces cerevisiae 

BY4741 and W303-1A laboratory strains differ in salt tolerance. Fungal Biol 114, 144-

150 

36. Bruder, S., Reifenrath, M., Thomik, T., Boles, E., and Herzog, K. (2016) Parallelised 

online biomass monitoring in shake flasks enables efficient strain and carbon source 

dependent growth characterisation of Saccharomyces cerevisiae. Microb Cell Fact 15, 

127 



	 101 

37. Marshall, S. A., Payne, K. A. P., Fisher, K., White, M. D., Ni Cheallaigh, A., Balaikaite, 

A., Rigby, S. E. J., and Leys, D. (2019) The UbiX flavin prenyltransferase reaction 

mechanism resembles class I terpene cyclase chemistry. Nat Commun 10, 2357 

38. Richard, P., Viljanen, K., and Penttila, M. (2015) Overexpression of PAD1 and FDC1 

results in significant cinnamic acid decarboxylase activity in Saccharomyces cerevisiae. 

AMB Express 5, 12 

39. Xie, L. X., Williams, K. J., He, C. H., Weng, E., Khong, S., Rose, T. E., Kwon, O., 

Bensinger, S. J., Marbois, B. N., and Clarke, C. F. (2015) Resveratrol and para-

coumarate serve as ring precursors for coenzyme Q biosynthesis. J Lipid Res 56, 909-919 

40. Hsu, A. Y., Poon, W. W., Shepherd, J. A., Myles, D. C., and Clarke, C. F. (1996) 

Complementation of coq3 mutant yeast by mitochondrial targeting of the Escherichia 

coli UbiG polypeptide: evidence that UbiG catalyzes both O-methylation steps in 

ubiquinone biosynthesis. Biochemistry 35, 9797-9806 

41. Lapointe, C. P., Stefely, J. A., Jochem, A., Hutchins, P. D., Wilson, G. M., Kwiecien, N. 

W., Coon, J. J., Wickens, M., and Pagliarini, D. J. (2018) Multi-omics Reveal Specific 

Targets of the RNA-Binding Protein Puf3p and Its Orchestration of Mitochondrial 

Biogenesis. Cell Syst 6, 125-135 e126 

42. Xie, L. X., Ozeir, M., Tang, J. Y., Chen, J. Y., Jaquinod, S. K., Fontecave, M., Clarke, C. 

F., and Pierrel, F. (2012) Overexpression of the Coq8 kinase in Saccharomyces cerevisiae 

coq null mutants allows for accumulation of diagnostic intermediates of the coenzyme Q6 

biosynthetic pathway. J Biol Chem 287, 23571-23581 

43. He, C. H., Xie, L. X., Allan, C. M., Tran, U. C., and Clarke, C. F. (2014) Coenzyme Q 

supplementation or over-expression of the yeast Coq8 putative kinase stabilizes multi-



	 102 

subunit Coq polypeptide complexes in yeast coq null mutants. Biochim Biophys Acta 

1841, 630-644 

44. Santos-Ocana, C., Do, T. Q., Padilla, S., Navas, P., and Clarke, C. F. (2002) Uptake of 

exogenous coenzyme Q and transport to mitochondria is required for bc1 complex 

stability in yeast coq mutants. J Biol Chem 277, 10973-10981 

45. Christianson, T. W., Sikorski, R. S., Dante, M., Shero, J. H., and Hieter, P. (1992) 

Multifunctional yeast high-copy-number shuttle vectors. Gene 110, 119-122 

 



	 103 

 
 
 
 
 
 
 
 
 
 
 

CHAPTER 4 

 

 

 

Deficiency in phosphatidylethanolamine methyltransferase increases Q6 content and has 

beneficial effects on the CoQ synthome 
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ABSTRACT 
 
 Coenzyme Q (Qn) is a hydrophobic biomolecule consisting of a fully-substituted 

benzoquinone ring and a polyisoprenoid tail. Redox-active Qn is the only endogenously 

synthesized lipid antioxidant, and is responsible for mitochondrial bioenergetics as a key player 

of the electron transport chain. In humans, patients unable to produce adequate levels of Q10 

display a wide variety of health issues often stemming from mitochondrial dysfunction. The most 

productive treatment strategy available for Q10 deficiency is Q10 supplementation; while 

beneficial in some cases, the poor solubility of Q10 limits treatment efficacy. A more 

comprehensive understanding of Q10 uptake and assimilation, as well as endogenous 

biosynthesis, will greatly improve Q10 therapeutics. Previously, Dr. Anita Ayer conducted a 

large-scale screen of the Saccharomyces cerevisiae diploid homozygous knockout library for 

mutants displaying significantly different Q6 content than wild type. Two 

phosphatidylethanolamine methyltransferase gene deletion mutants, cho2 and opi3, were 

identified to have considerably elevated amounts of Q6, with cho2∆ producing as much as a five-

fold Q6 increase compared to wild type. In collaboration with Dr. Lucía Fernández-del-Río, we 

revealed that both cho2∆ and opi3∆ yeast show normal amounts of Coq polypeptides, yet display 

a stabilized CoQ synthome. Further, the cho2∆ mutant has increased Q6 antioxidant protection 

from exogenously added PUFAs. Our study demonstrates that Cho2 and Opi3 are novel 

regulators of Q6 homeostasis. 
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INTRODUCTION 

 Coenzyme Q (Qn) is an essential redox-active lipid that mediates electron transport 

during mitochondrial respiration (1). The oxidized quinone accepts electrons from NADH via 

Complex I, or succinate via Complex II, and the reduced hydroquinone then donates these 

electrons to Complex III to ultimately drive ATP synthesis (1,2). In this manner, Qn is an 

electron acceptor for other enzymes involved in fatty acid β-oxidation, the oxidation of proline, 

sulfide, and pyrimidine biosynthesis (3-5). The reduced hydroquinone additionally serves as an 

important chain-terminating lipid soluble antioxidant, effective in quenching lipid peroxidative 

damage forming within cellular membranes (6,7). These vital functions of Qn depend upon 

proper synthesis and formation of its fully substituted benzoquinone ring with a species-specific 

polyisoprenyl tail, where n designates the number of isoprenoid units (1).  

 Patients with partial defects in Q10 biosynthesis suffer from mitochondrial dysfunction 

resulting in such disease pathology as cerebellar ataxia, renal disease, cardiovascular 

complications, respiratory dysfunction, and neurodegenerative diseases (6-8). The current 

industry standard treatment to mitigate adverse symptoms of Q10 deficiency are high doses of Q10 

supplementation (7). However, absorption of orally supplemented Q10 is inefficient due to its low 

solubility, resulting in limited disease recovery for most patients (7,9). Present research is 

focused on developing novel Q10 delivery strategies (10,11), or using alternative Q10 precursors 

or by-pass molecules to enhance endogenous Q10 biosynthesis (12,13).  

 In order to improve the therapeutic efficiency of Q10 supplementation, the mechanisms of 

its synthesis, uptake, distribution, and degradation within cells must be fully understood. 

Saccharomyces cerevisiae is an excellent model for studies of Q10 since many of the COQ genes 

involved in Q10 biosynthesis are functionally conserved between yeast and humans (1,14). 
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Additionally, yeast retains the ability to survive via fermentation in the absence of Q6, has well 

characterized molecular genetics, is highly genetically malleable, and is easy to maintain in 

culture (15). A cohort of fourteen known enzymes participate in Q6 biosynthesis in 

Saccharomyces cerevisiae, many of which organize into a high molecular weight complex at the 

mitochondrial inner membrane, known as the CoQ synthome (1,14). Deletion of essential COQ 

genes (COQ1-COQ9) results in a loss of Q6 synthesis, and a subsequent failure to respire on a 

non-fermentable carbon source (1,2). While significant progress has been made in determining 

the role of each enzyme in Q6 biosynthesis, the function of several Coq proteins remains 

uncharacterized (1,15).  

  Although Qn is found in all cellular membranes in yeast and humans, Qn 

biosynthesis occurs exclusively within the mitochondria (1,2). The presence of Qn in membranes 

distant from its site of synthesis indicates the existence of a transportation mechanism from the 

mitochondria to other organelles (16,17). The assimilation of exogenously supplied Qn in yeast, 

mice, and humans with Q10 deficiencies, is evidence for additional transportation of Qn across the 

plasma membrane and into the mitochondrial inner membrane (18,19). Recently, six novel S. 

cerevisiae genes (CDC10, RTS1, RVS161, RVS167, VPS1, and NAT3) have been identified as 

necessary for efficient trafficking of Q6 to mitochondria (Fernandez-del-Rio, et al., submitted). 

However, these mechanisms of Qn transportation are largely unknown.   

 There are clearly large gaps in the scientific literature encompassing every aspect of Q6 

homeostasis. Perhaps most glaring is the lack of information surrounding regulation of the 

amount of cellular Q6; the Q6 content in different cellular membranes must be communicated to 

the Q6 biosynthetic machinery in order to preserve optimal levels. To investigate Q6 regulatory 

mechanisms, Dr. Anita Ayer from the Stocker laboratory at the Victor Chang Cardiac Research 



	 107 

Institute (Sydney, Australia), conducted a genome-wide screen of ~ 5,000 S. cerevisiae 

homozygous diploid deletion mutants. Genes required for maintaining Q6 homeostasis were 

isolated by measuring Q6 content in each mutant with HPLC-EC detection. This high-throughput 

screen identified eight mutants displaying significantly lower Q6 content, and 30 mutants 

displaying significantly higher Q6 content compared wild type. Among the mutants presenting 

with increased Q6 compared to wild type was cho2—a gene that encodes a methyltransferase that 

catalyzes the first reaction in the conversion of phosphatidylethanolamine (PE) to 

phosphatidylcholine (PC) (20). Successive methyltransferase reactions in the 

phosphatidylethanolamine methyltransferase (PEMT) pathway of PC biosynthesis are catalyzed 

by Opi3 (21), which was also identified in Dr. Ayer’s genetic screen to produce higher content of 

Q6 (Fig. 1B). In this study, we evaluated the effect of the cho2∆ and opi3∆ mutants on Q6 

biosynthesis, biosynthetic machinery, and Q6 antioxidant protection. Our results demonstrate that 

Cho2 and Opi3 are novel regulators of Q6 biosynthesis in S. cerevisiae. 
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EXPERIMENTAL PROCEDURES  

Yeast strains and growth medium 

 The S. cerevisiae strains used in this study are listed in Table 1. Yeast strains were 

derived from S288C (BY4743, BY4742, or BY4741 (22)), and were grown in synthetic defined 

medium lacking pABA (6.7 g YNB-pABA/L (Sunrise Scientific), 2% glucose, 1X amino 

acid/base solution) at 30 ºC. The amino acid solution was diluted from a 1 L, 10X solution 

prepared in H2O and filter sterilized, containing the following amino acids: Leucine (2.6 g), 

lysine monohydride chloride (1.8 g), isoleucine (0.76 g), valine (1.2 g), tryptophan (0.9 g), 

histidine (0.46 g), adenine hemisulfate (0.55 g), and uracil (0.22 g). Additional growth media 

used included YPD (2% glucose, 1% yeast extract, 2% peptone) and YPGal (2% galactose, 1% 

yeast extract, 2% peptone, 0.1% dextrose) (23). Solid media was prepared with 2% Bacto agar.  

 
 
Genetic screen of the diploid knockout S. cerevisiae library  

 The S. cerevisiae homozygous diploid knockout collection (~ 5,000 BY4743 mutants; 

Euroscaf) was used to conduct a genetic screen to identify genes contributing to Q6 content 

regulation. Briefly, cells were inoculated from –80 °C stocks with 2.4 µL of defrosted culture, 

inoculated into 96-well plates containing 195 µL SD-pABA media. Cells were grown for two 

days at 30 °C with shaking. Following growth for two days, 2.4 µL of culture was sub-inoculated 

into 96-well plates containing 195 µL fresh media, and cells were grown for an additional 18 h at 

30 °C with shaking. The A600 was measured (Pherastar 96-well plate spectrophotometer) after 18 

h, and cells were pelleted by centrifugation. The supernatant was removed from each well and 

the cell pellet in each well resuspended in 50 µL of 155 mM ammonium acetate. The 96-well 

plate was frozen at –20 °C for future use. On the day of Q6 analysis, plates were defrosted and 50 
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µL of cell suspension were used for Q6 analysis as described below. Separately, wild-type cells 

were grown to A600 ~ 1, frozen in aliquots, and used as quality control (QC) for each plate. Wells 

A1, E6 and H12 of each plate were used for the QC samples with 50 µL of QC sample placed 

into each well on the day of analysis. For each plate to pass ‘QC’, the Q6 content of the QC wells 

had to be within 20% of each other. Cells were lysed and Q6 extracted and analyzed as outlined 

below.  

 

Determination of Q6 in S. cerevisiae during genetic screen  

 Each well was lipid extracted as described (24), with slight modifications. Ammonium 

acetate (0.155 mM, 50 µL) was added to cell pellets and the suspension was transferred to a 

glass-coated 96 deep well plate containing 50 µL glass beads per well. Cells were then lysed 

using a Thermomixer C (Eppendorf, 1,400 rpm, 2 h, 4 °C). Acidified methanol (0.02% acetic 

acid; 200 µL) and water-washed hexane (500 µL) was added to each sample with shaking (1,000 

rpm, 1 min, 4 °C). An aliquot of the hexane layer (300 µL) was removed, 500 µL fresh hexane 

was added, and the plate was shaken again. This process was repeated five, to give a total of 2 

mL hexane collected. The collected hexane was dried under nitrogen in a fume hood for 1 h at 

room temperature. The resulting lipids were resuspended in 150-180 µL ice-cold mobile phase 

(ethanol:methanol:isopropanol:ammonium acetate pH 4.4, 65:30:3:2, vol/vol/vol/vol) and 

transferred into HPLC vials. Samples were stored at 4 °C until analysis via HPLC coupled to UV 

and electrochemical detection (HPLC-UV/EC). For HPLC-UV/EC analyses, 100 µL of sample 

was injected onto a Supelcosil LC-C18 column (5 µm, 250 mm x 4.6 mm), eluted at 1 mL min-1, 

and connected to UV and electrochemical (ESA CoulArray 5600A) detectors. Q6 was detected at 

-700, +700, and +700 mV. Q6 standards obtained from Avanti Polar Lipids. 
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Yeast mitochondria isolation  

 Yeast cultures of BY4743, cho2∆ BY4743, and opi3∆ BY4743 were grown overnight in 

20 mL SD-pABA.  Cultures were diluted with SD-pABA and grown overnight at 30 °C with 

shaking (250 rpm) until cell density reached an A600 ~ 1. Spheroplasts were generated using 

Zymolyase-20T (MP Biomedicals) and mitochondria were fractionated as previously described 

(25), in the presence of cOmplete™ 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). Nycodenz (Sigma-Aldrich) density gradient 

purified mitochondria were aliquoted, frozen in liquid nitrogen, and stored at −80 °C until further 

use. Mitochondria protein concentration was measured by the Bicinchoninic acid (BCA) assay 

(ThermoFisher Scientific).  

 

Analysis of Q6 content of whole cells and purified mitochondria  

 Yeast cultures were grown overnight in 50 mL of SD-pABA. Cultures were diluted into 

triplicates of 20 mL fresh medium to A600 = 0.1, and 10 mL were harvested by centrifugation 

once they reached A600 ~ 1. Cell pellets were stored at −20 °C. Frozen cell pellets were lipid 

extracted in the presence of internal standard Q4 and analyzed for Q6 by LC-MS/MS as described 

(26). Standards of Q6 were obtained from Avanti Polar Lipids, and Q4 from Sigma-Aldrich. 

Alternatively, triplicates of 100 µg of purified mitochondria (purification described above) were 

lipid extracted in the presence of internal standard Q4 and analyzed for Q6 by LC-MS/MS as 

described (26). 
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SDS-PAGE and immunoblot analysis of Coq proteins 

 Aliquots of purified mitochondria (25 µg) were incubated with SDS sample buffer (50 

mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol blue, 1.33% beta-

mercaptoethanol) and separated on 10% or 12% Tris-glycine polyacrylamide gels by 

electrophoresis. Proteins were transferred to  a 0.45 µm PVDF membrane (Millipore) at 100 V 

for 45 min, and the resulting membranes were stained with Ponceau for 5 min. Following the 

capture of each image, the blots were destained with dH2O and blocked overnight in blocking 

buffer (0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered saline). Molecular weight 

standards for SDS gel electrophoresis were obtained from Bio-Rad. Membranes were then 

probed for representative Coq polypeptides and Mdh1 loading control with rabbit polyclonal 

antibodies prepared in blocking buffer at the dilutions listed in Table 2. 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 Infrared Scanner (LiCOR). Immunoblots are representative 

of three replicates and were quantified by hand using ImageStudioLite software normalized to 

Mdh1 and Ponceau. 

 

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

complexes 

 Two-dimensional Blue Native (BN)/SDS-PAGE was performed as previously described 

(19,27,28). In brief, 200 µg of purified mitochondria were solubilized at 4 mg/mL for 1 h on ice 

with 16 mg/mL digitonin (Biosynth) in the presence of of cOmplete™ 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). Protein 
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concentration of solubilized mitochondria was determined by the BCA assay (ThermoFisher 

Scientific). NativePAGE 5% G-250 sample additive (ThermoFisher Scientific) was added to the 

supernatant to a final concentration of 0.25%. Solubilized mitochondria (80 µg) were separated 

on NativePAGE 4-16% Bis-Tris gels (ThermoFisher Scientific) in the first-dimension, and native 

gel slices were soaked in SDS sample buffer, and further separated on 12% Tris-glycine 

polyacrylamide. Immunoblot analyses were performed as described above, using antibodies 

against Coq4 (Table 2). Molecular weight standards for BN gel electrophoresis and SDS gel 

electrophoresis were obtained from GE Healthcare (Sigma-Aldrich) and Bio-Rad, respectively. 

 

Fatty acid sensitivity assay  

 
 Sensitivity of yeast cells to PUFA-induced oxidative stress was performed as described 

(26,29,30), with minor modifications. Strains were grown overnight in 30 mL SD-pABA 

medium at 30 ºC, 250 rpm, and then diluted to A600 = 0.25 in 15 mL of fresh SD-pABA medium. 

Cells were harvested at an A600~1, washed twice with 10 mL sterile H2O, and diluted to an A600 = 

0.2 in 0.1 M phosphate buffer with 0.2% dextrose, pH 6.2 to an A600 = 0.2. Aliquots (5 mL) of 

each cell suspension was treated with an ethanol vehicle control (final concentration 0.1% 

vol/vol), ethanol-diluted oleic acid (Nu-Check Prep), or ethanol-diluted α-linolenic acid (Nu-

Check Prep) to a 200 µM final concentration. The treated cultures were grown for 4 h at 34 ºC or 

37 ºC. Cell viability was assessed via serial dilutions on YPD plate medium, which were 

incubated for 2 days at 30 ºC. Cell viability prior to the addition of fatty acids was determined 

via plate dilutions, represented in the 0 h plate.   
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RESULTS 

cho2 and opi3 BY4743 knockout mutants were identified in a high-throughput screen to 

have increased Q6 content 

 The biosynthesis, trafficking, and degradation of Qn are intricately connected and subject 

to multiple levels of regulation (1,2). The Stocker laboratory (Sydney, Australia) performed a 

high-throughput screen of the S. cerevisiae diploid homozygous knockout collection to identify 

novel genes involved in Q6 content regulation. This library comprises knockouts of     ~ 95% of 

non-essential genes in S. cerevisiae, or about ~ 5,000 total mutants, that were evaluated for 

altered levels of Q6 using HPLC-EC detection. Following several rounds of analysis, 38 genes 

were selected as candidates with statistically significant differences in Q6 compared to BY4743 

wild-type yeast (Fig. 1A). Each of the eight mutants presenting with decreased amounts of Q6 are 

genes directly involved in the Q6 biosynthetic pathway. The 30 mutants with high Q6 represent 

novel cellular processes that may regulate Q6 production: Lipid metabolism, aminophospholipid 

flippase activity, mitochondrial function, vesicular trafficking, DNA repair, mRNA processing, 

and the RpdL3 Histone deacetylase complex (Fig. 1A). In particular, the cho2∆ mutant displayed 

about five-times the Q6 content of wild type. This mutant was selected for continued study due to 

several crucial considerations—there was a mammalian homolog (PEMT), there was a mouse 

mutant available, the existing mount mutant was viable, and the existing mouse model had been 

characterized and correlated with Q10 related diseases (31,32) (Fig. 1A). Ultimately, we wanted 

to link the yeast genetics of cho2 and opi3 mutants with mammals  

 PC is the most abundant phospholipid in every mammalian and yeast cell type, including 

subcellular organelles (33). Phospholipids such as PC play a crucial role in controlling the 

formation and stability of lipoproteins (33). Using S-adenosyl-L-methionine (AdoMet, SAM), 



	 114 

Cho2 catalyzes the first of three methylation steps in biosynthesis of PC from PE (34,35) (Fig. 

1B). The Cho2 homolog PEMT is the enzyme responsible for all three methylation steps in both 

mice and humans (32). Because Opi3 is associated with two methylation reactions in the S. 

cerevisiae PEMT pathway (Fig. 1B), Opi3 was included, in addition to Cho2, for subsequent 

studies of PC biosynthesis. Confirming the results of the initial screen, both cho2∆ and opi3∆ 

yeast had significantly increased Q6 content in whole cells compared to BY4743 wild type (Fig. 

2A). However, the effects of cho2 deletion on Q6 levels were more prominent than the effects of 

opi3 deletion in purified mitochondria (Fig. 2B). This suggests a novel role for these proteins and 

phospholipid methylation in Q6 homeostasis. 

 

The CoQ synthome is stabilized in the absence of CHO2 and OPI3  

 Previous studies have investigated the effects of COQ deletions on the amounts of Coq 

polypeptides forming the CoQ synthome (1). These Coq proteins serve as structural components 

required for CoQ synthome formation and stability, in addition to catalyzing essential enzymatic 

reactions towards the production of Q6 (1,19,36). Here, Coq protein levels were investigated in 

cho2∆ and opi3∆ mutants compared to BY4743 wild type, to determine if the increased 

mitochondrial Q6 could be explained by an increase in the Q6 biosynthetic proteins (Fig. 3). To 

match the conditions used previously in this study for assays of Q6 content, BY4743, cho2∆, and 

opi3∆ mitochondrial lysates were prepared from yeast harvested at A600 = 1 cultured on SD-

pABA. We anticipated that the increased Q6 content in the cho2∆ and opi3∆ mutants (Figs. 1 & 

2) might translate to up-regulated Q6 biosynthetic machinery, including higher levels of COQ 

gene and protein expression. However, Coq protein expression remained consistent between wild 

type and both mutants (Fig. 3A). The cho2∆ and opi3∆ mutants did not have statistically 
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significant differences in Coq protein levels when quantified and normalized to either total 

protein Ponceau stain or a mitochondrial matrix marker (Mdh1), and plotted as a percentage of 

wild type (Fig. 3B,C). Although Coq7 appears elevated in both deletion mutants compared to 

wild type, these results did not show statistical significance because only two replicates were 

included in the analysis.  

 Decreased steady state levels of Coq polypeptides in yeast coq mutants often directly 

correlate with destabilization of the CoQ synthome (19,26,36), while increased amounts of Coq 

polypeptides are related to stabilization of the CoQ synthome (15). CoQ synthome stability was 

assessed in cho2∆ and opi3∆ mutants by two-dimensional Blue Native/SDS-PAGE (BN/SDS-

PAGE) with the Coq4 signal denoting high molecular weight complex formations (19). In wild-

type yeast, the CoQ synthome is represented by distinct signal at ~ 66 kDa (Fig. 4). This is a 

downward shift in molecular weight from prior studies, wherein the wild-type CoQ synthome is 

present in a diverse array of high molecular mass complexes and sub-complexes spanning a 

range of ~ 140 kDa to > 1 MDa for Coq4 (15,26). Reasons for these inconsistences may include 

the difference in carbon source and amino acid content in the medium used to culture the 

samples, the culture density at the time of harvest, or the diploid state. There is an additional 

signal in wild type just below the Coq4 signal that is non-specific, and is present in both cho2∆ 

and opi3∆ samples as well (Fig. 4). 

 Surprisingly, the CoQ synthome in the cho2∆ and opi3∆ mutants appear stabilized, 

indicated by the disappearance of complexes smaller than 440 kDa, and an appearance of 

complexes spanning ~ 440 kDa to > 1 MDa (Fig. 4). Deletion of cho2 had the most prominent 

stabilization effect of the CoQ synthome compared to wild type (Fig. 4). Although the absence of 

CHO2 or OPI3 does not directly increase component Coq polypeptides, these knockout 
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mutations result in significant stabilization of the CoQ synthome that may partially explain the 

increase in Q6 production (Figs. 1 & 2). Conversely, the increased Q6 biosynthesis may lead to a 

stabilized CoQ synthome.  

 

The yeast cho2∆ mutant confers increased resistance to PUFA induced peroxidative 

damage 

 PUFA peroxidation is initiated by radical-dependent hydrogen atom abstraction at bis-

allylic positions, generating a carbon centered free radical (37). These radicals set in motion a 

chain reaction of lipid peroxidation in the presence of oxygen, driving cellular oxidative damage 

and the formation of protein-protein cross links, protein fragmentation, and DNA mutations (38). 

Yeast coq mutants unable to produce Q6, such as coq9∆, are sensitive to treatment with α-

linolenic acid because they lack Q6 antioxidant protection (29,30) (Fig. 5). In contrast, wild-type 

yeast is typically protected from α-linolenic acid treatment by Q6 (15). Wild-type cells gradually 

become sensitive to PUFA treatment at non-permissible temperatures as the stress associated 

with heat shock imposes sensitivity, even though Q6 is present (29,30). Thus, we evaluated 

whether the increased Q6 production of the cho2∆ mutant is sufficient to rescue sensitivity to 

PUFA treatment observed in wild-type yeast in response to either 34 °C or 37 °C heat shock. 

Deletion of cho2 rescued wild type sensitivity to treatment with α-linolenic acid (Fig. 5). As 

anticipated, all strains were resistant to monounsaturated oleic acid at both temperatures tested 

(Fig. 5). These results suggest that Cho2 may play a role in the conversion of redox states 

between reduced Q6H2 and oxidized Q6. It is also possible that the higher Q6 content in the 

cho2∆ mutant results in more Q6 and Q6H2. 
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DISCUSSION AND FUTURE DIRECTIONS 

 The processes of Qn biosynthesis, assimilation, and trafficking must be tightly regulated 

in order to maintain cellular bioenergetics and the antioxidant defense system (5,39). The 

Stocker laboratory has identified several novel regulators of S. cerevisiae Q6 homeostasis from a 

high-throughput screen of the yeast diploid homozygous knockout collection (unpublished) (Fig. 

1). Here, we confirm that deletion of cho2 and opi3 results in significantly increased amounts of 

Q6 (Fig. 2).  

 CHO2 and OPI3 encode two distinct phosphatidylethanolamine methyltransferase 

enzymes that catalyze the conversion of PE to PC via three consecutive methylation reactions 

(Fig. 1) (33). The major function of PC in humans and yeast is to maintain the integrity of 

membranes, in order to modulate the transport of molecules across the plasma membrane and 

other organelle membranes (21). PC is synthesized in mammalian cells from choline via the 

CDP-choline pathway, also known as the Kennedy pathway (Fig. 1) (40). In human liver, 

approximately 30% of PC synthesis occurs via the sequential methylation of PE (41), catalyzed 

by the CHO2 mammalian homolog phosphatidylethanolamine N-methyltransferase 

(PEMT). Therefore, the results of this current study regarding Cho2 and Opi3 may give insights 

into the PEMT pathway of mammalian PC biosynthesis.  Future experiments will assess whether 

expression of mammalian PEMT cDNA restores normal Q6 content in the cho2∆opi3∆ double 

mutant to confirm that these proteins are functional orthologs. Experiments have already been 

conducted to show that PEMT expression restores the PC deficiencies in the cho2∆ mutant (data 

not shown), however other cho2∆ phenotypes were evaluated.  

 Prior investigations revealed that PEMT regulates susceptibility to atherosclerotic 

cardiovascular disease and is required for normal lipoprotein metabolism (20,42). PEMT has also 
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been associated with cellular bioenergetics; PEMT protein expression was increased in adipocyte 

models of insulin resistance (43). While Pemt +/+ mice fed high-fat diets displayed weight gain, 

plasma hyperlipidemia, and insulin resistance, Pemt -/- mice were protected against these 

phenotypes including diet-induced obesity (21). The accumulation of Q6 in yeast cho2∆ and 

opi3∆ deletion mutants (Fig. 2) suggests that increased Qn may be the protective mechanism 

against insulin resistance in Pemt -/- mice. Intriguingly, mitochondrial Q9/10 deficiency has been 

implicated as a primary driver of insulin resistance in vitro and in mice fed a high-fat high 

sucrose diet (32). These data complement the results of our study nicely, implying that 

mechanisms that restore Q10, including the deletion or inhibition of PEMT, might serve as novel 

therapeutic targets for insulin resistant patients. Ongoing studies in the Stocker lab are seeking to 

determine whether Cho2 (PEMT) is a conserved regulator of Qn in mice and human adipocytes.  

  Both cho2∆ and opi3∆ yeast presented a stabilized CoQ synthome (Fig, 4), however, 

component Coq polypeptides were not elevated, with the possible exception of Coq7 (Fig. 3). 

The mechanism for increased Q6 content in these mutants therefore cannot be fully explained by 

a comprehensive up-regulation of the Q6 biosynthetic machinery. Mitochondrial oxidative stress 

is a hallmark of insulin resistance models in mice and humans (44-46). Mice harboring Pemt-/- 

homozygous deletion develop hypermetabolism that protects against insulin resistance, 

indicating that PEMT and choline are crucial regulators of energy metabolism (21). We 

hypothesized that Cho2, and by extension PEMT, may control mitochondrial energy production 

and perturb oxidative damage by regulating the flux between Q6 redox states. Previous work has 

demonstrated that yeast mutants lacking Q6 are sensitive to treatment with exogenously added 

polyunsaturated fatty acids (PUFAs) due to lack of antioxidant defense by Q6H2 (15,47). Under 

temperature stress conditions, cho2∆ showed increased protection from α-linolenic acid 
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compared to wild type (Fig. 5). Perhaps the higher amount of Q6 in cho2∆ (Fig. 2) results in a 

corresponding increase in Q6H2 that confers additional antioxidant protection for this mutant 

(Fig. 5). The ratio of Q6:Q6H2 could also be altered in cho2∆ yeast. Additional experiments need 

to be conducted in order to determine whether Q6 redox state is dependent on the presence of 

CHO2. The cho2∆ mutant was found to have increased resistance to heat shock in a genetic 

screen (48). It would be interesting to determine if the Q6 increase seen in the cho2∆ mutant is 

related to heat shock stress response.  

 Efficiency of the PEMT-phosphatidylcholine biosynthetic pathway not only requires 

Cho2 and Opi3, but also relies on SAM, the biological methyl donor (33,49). Once its methyl 

group is transferred to a substrate, SAM is converted to S-adenosylhomocysteine (AdoHcy, 

SAH), the product of Cho2 and Opi3. SAM-dependent methyltransferase reactions that also acts 

as a feedback inhibitor for SAM (50). Lack of Cho2/Opi3 activity leads to greater amounts of 

SAM co-substrate and consequently increase the SAM:SAH ratio (51). Due to the ubiquity of 

SAM substrates, the ratio of SAM:SAH is commonly used as sensitive indicator of cellular 

methylation capacity (52). Unrestricted SAM that is no longer needed for PE conversion to PC is 

now free to participate in alternate methylation reactions. There are three methyltransferase 

reactions in the Q6 biosynthetic pathway that require SAM as a co-substrate (1); elevated 

concentrations of SAM might increase the rate of Q6 biosynthesis, resulting in higher total Q6.   

  Another possible explanation for the observed rise in cho2∆ and opi3∆ Q6 content is 

metabolic flux through the Q6 pathway. The polyisoprenyl tail of Qn is synthesized from 

dimethylallyl diphosphate and isopentenyl diphosphate, derived from mevalonate in eukaryotes 

and 1-deoxy-D-xylulose-5-phosphate in prokaryotes (1). The Qn benzoquinone ring is produced 

from 4-hydroxybenzoic acid (4HB), a phenolic derivative of benzoic acid that is synthesized 
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from tyrosine in mammals and both tyrosine and chorismate in S. cerevisiae (1,53). These inputs 

or ‘fuel’ are essential molecules that regulate flow into Qn biosynthesis as opposed to other 

metabolic synthesis pathways. The Stocker lab has recently used an untargeted metabolomics 

approach coupled with mass spectrometry to compare metabolites in cho2∆ with wild type (data 

not shown). Importantly, they found decreased amounts of several Q6 benzoquinone ring-

precursor compounds in the absence of cho2 (data not shown), indicating that Cho2 may indeed 

regulate the Q6 head-group synthesis pathway. We suspect this regulation by Cho2 may involve 

previously unrecognized 4-HB precursors.  

 This study has provided crucial information towards determining the mechanism behind 

Cho2 and Opi3 regulation of Q6 homeostasis. Future work by the Stocker lab will extend our 

findings into both Pemt-/- mouse and adipocyte cellular models. These results suggest that PEMT 

enzymes are novel regulators of Q6 biosynthesis, and may be intricately connected with insulin 

resistance pathology.  
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Table 1. Genotype and source of yeast strains.  
 

 
 
 

Strain Genotype/Specifications Source 

BY4743 MAT a/a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 R. Stockera 

BY4743 cho2Δ MAT a/a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

cho2::KanMX4 

R. Stockera 

BY4743 opi3Δ MAT a/a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

opi3::KanMX4 

R. Stockera 

BY4742 coq1Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq1::KanMX4 

(54) 

BY4742 coq3Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq3::KanMX4 

(54) 

BY4742 coq4Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq4::KanMX4 

(54) 

BY4742 coq5Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 coq5:: 

KanMX4 

(54) 

BY4741 coq6Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq6::KanMX4 

Dharmacon, Inc. 

BY4742 coq7Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq7::KanMX4 

(54) 
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Table 1. Genotype and source of yeast strains. (Cont.) 

 
 
aProf. Roland Stocker. Victor Chang Cardiac Research Institute, Sydney, Australia.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Genotype/Specifications Source 

BY4742 coq8Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq8::KanMX4 

(54) 

BY4742 coq10Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq10::KanMX4 

(54) 

BY4742 coq11Δ MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 

coq11::LEU2 

(15) 

JM6 MAT a his-4 ρ0 (18) 

JM8  MAT α ade-1 ρ0 (18) 
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Table 2. Description and source of antibodies.  
 

Antibody Working dilution Source 

Coq1 1:10,000 (55) 

Coq3 1:200 (56) 

Coq4 1:2,000 (57) 

Coq5 1:5,000 (58) 

Coq6 1:200 (59) 

Coq7 1:1,000 (60) 

Coq8 Affinity purified, 1:30 (36) 

Coq10 Affinity purified, 1:400 (26) 

Coq11 1:500 (26) 

Mdh1 1:10,000 Lee McAlister-Hennb 

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

Texas Health Sciences Center, San Antonio, TX. 
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FIGURES 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
Figure 1. Cho2 and Opi3 may be involved in regulation of Q6 content (adapted from Dr. 

Anita Ayer, 2018). A, A genetic screen of the S. cerevisiae homozygous diploid knockout 

collection performed by Dr. Anita Ayer and colleagues identified 34 mutants with significantly 

altered Q6 content. Among those genes, 30 mutants displayed high Q6 compared to BY4743 wild 

type, representing novel processes that regulate Q6 content through a variety of cellular 

processes. In particular, the cho2∆ mutant had a five-fold increase in Q6 levels versus wild type, 

had a viable mammalian homolog (PEMT), and a developed mouse mutant model (PEMT) with 

a known phenotype. B, Cho2 is an N-methyltransferase functioning in the biosynthesis of 

phosphatidylcholine (PC). Opi3, the N-methyltransferase that catalyzes the two subsequent 

methylation reactions towards the biosynthesis of PC, was also included in this study. 

Abbreviations: PE, phosphatidylethanolamine; PMME, phosphatidylmonomethyl ethanolamine; 

PDME, phosphatidyldimethyl ethanolamine; SAM, S-adenosylmethionine; SAH, S-

adenosylhomocysteine. 
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Figure 2. Total and mitochondrial Q6 content is increased in cho2∆ and opi3∆ whole cells 

compared to wild type. Triplicates of 30 mL cultures of wild type BY4743, cho2Δ BY4743, 

and opi3Δ BY4743 yeast were grown in SD-pABA until they reached A600 ~ 1. A, 10 mL of 

whole cells from each culture were harvested, lipid extracted, and analyzed by LC-MS/MS for 

Q6 content. Alternatively, wild type BY4743, cho2Δ BY4743, and opi3Δ BY4743 yeast were 

grown in SD-pABA until they reached A600~1 and subject to mitochondrial preparation. B, 

Lipids from triplicates of purified mitochondria (100 µg) were analyzed by LC-MS/MS for Q6 

content. Values are the mean of three replicates. The data show mean ± SD, and the statistical 

significance as compared to wild type is represented by *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Figure 3. Coq polypeptides appear largely consistent in cho2∆ and opi3∆ mutants 

compared to wild type. A, Aliquots of intact mitochondria (25 µg) from wild type BY4743, 

cho2Δ BY4743, and opi3Δ BY4743 were separated on 10% or 12% Tris-Glycine SDS-PAGE 

and evaluated for the presence of several Coq polypeptides. Mitochondrial malate dehydrogenase 

(Mdh1) was included as a loading control, with a representative blot shown. Proteins were also 

stained with Ponceau stain as an additional loading control, with a representative image of two 

independent experiemtns shown. Aliquots of purified coqΔ (coq1Δ-coq11Δ) mitochondria were 

included as negative controls for immunoblotting with antisera to each of the Coq polypeptides. 

Black arrows indicate the position of each protein on the membrane. The Coq2 and Coq9 

polypeptides were not detected. B, Duplicates of each Coq protein band intensity was quantified 

by hand using ImageStudioLite, normalized to Mdh1 or Ponceau stain, and plotted as a 

percentage of wild type. The data show mean ± SD.  
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Figure 4. The CoQ synthome is stabilized in cho2∆ and opi3∆ mutants compared to wild 

type. Aliquots (100 µg) of purified mitochondria from wild type BY4743, cho2Δ BY4743, and 

opi3Δ BY4743 were solubilized with digitonin and separated with two-dimensional BN/SDS-

PAGE. The CoQ synthome appeared as a singal from ~ 66 kDa to ~ 669 kDa in each sample 

with antibodies to Coq4. Aliquots of coq4Δ purified mitochondria (25 µg) were included as 

negative control for the antisera to Coq4. Intact mitochondria (25 µg) from each strain was 

included as a loading control (“M”). Red arrowheads and brackets indicate distinct complexes.  
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Figure 5. Mutants lacking cho2 have increased tolerance to oxidative damage driven by 

exogenously added PUFAs.  Wild type BY4743, cho2Δ BY4743, and Q6-less coq9Δ BY4742 

were grown at 30 °C in SD-pABA media until they reached log phase. Cells were washed twice 

with sterile H2O and resuspended in phosphate buffer with 0.2% dextrose, pH 6.2 to 0.2 

A600/mL. The resuspended cells were incubated at 34 °C or 37 °C with oleic acid, or α-linolenic 

acid prepared in ethanol at a final concentration of 200 µM for 4 hours. Cells were also incubated 

with only ethanol as vehicle control. At time 0 or following 4 hours of fatty acid incubation, cell 

viability was assessed by plate dilution assay. An aliquot of 2 µL was plated in each spot in five-

fold serial dilutions onto YPD, corresponding to a final A600 = 0.2, 0.04, 0.008, 0.0016, and 

0.00032. Growth was captured after incubation at 30 °C for two days.  
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ABSTRACT 
 
 Saccharomyces cerevisiae Coq8 is a member of the ancient UbiB atypical protein kinase 

family. Coq8, and its orthologs UbiB, ABC1, ADCK3, and ADCK4, are required for the 

biosynthesis of coenzyme Q in yeast, E. coli, A. thaliana, and humans. Each Coq8 ortholog retains 

nine highly conserved protein kinase-like motifs, yet its functional role in coenzyme Q 

biosynthesis remains mysterious. Coq8 may function as an ATPase whose activity is stimulated 

by coenzyme Q intermediates and phospholipids. A key yeast point mutant expressing Coq8-

A197V was previously shown to result in a coenzyme Q-less, respiratory deficient phenotype.  The 

A197V substitution occurs in the crucial Ala-rich protein kinase-like motif I of yeast Coq8. Here 

we show that long-term culture of mutants expressing Coq8-A197V produces spontaneous 

revertants with the ability to grow on medium containing a non-fermentable carbon source. Each 

revertant is shown to harbor a secondary intragenic suppressor mutation within the COQ8 gene. 

The intragenic suppressors restore the synthesis of coenzyme Q. One class of the suppressors fully 

restores the levels of coenzyme Q and key Coq polypeptides necessary for the maintenance and 

integrity of the high-molecular mass CoQ synthome (also termed complex Q), while the other class 

provides only a partial rescue. Mutants harboring the first class of suppressors grow robustly under 

respiratory conditions, while mutants containing the second class grow more slowly under these 

conditions.  Our work provides insight into the function of this important yet still enigmatic Coq8 

family.  



	
	

155 

INTRODUCTION 

Coenzyme Q (also termed ubiquinone, CoQ or Q) serves as a vital redox active lipid and 

antioxidant molecule necessary for energy production (1,2). Q is composed of a fully substituted 

benzoquinone ring and a polyisoprenoid tail whose length is species dependent (3). Homo sapiens 

produce Q10 with a decaprenyl tail, Escherichia coli produce Q8, and Saccharomyces cerevisiae 

produce Q6. A primary role of Q in the inner mitochondrial membrane is to serve as a reversible 

electron and proton carrier (4). Q accepts electrons and protons from Complexes I and II in the 

respiratory electron transport chain, and QH2 (ubiquinol or reduced CoQH2) donates electrons and 

protons to Complex III (5). Q also functions as an electron acceptor in other biochemical pathways, 

such as pyrimidine synthesis, sulfide oxidation, and fatty acid β-oxidation (4,6,7). Human Q10 

deficiencies often affect multiple organ systems, including the central and peripheral nervous 

systems, kidney, skeletal muscle, heart, and sensory systems (6). Mouse knockout studies show 

that a complete lack of Q is embryonic lethal (8). In contrast, yeast mutants lacking Q6 are unable 

to grow on nonfermentable carbon sources, but are able to grow on fermentable carbon sources, 

because ATP is generated via substrate-level phosphorylation. 

  Fourteen nuclear encoded mitochondrial proteins are necessary for the efficient production 

of Q6 in S. cerevisiae (Fig 1A) (9,10). Coq1 is responsible for the synthesis of hexaprenyl 

diphosphate, and Coq2 attaches the hexaprenyl group to 4-hydroxybenzoic acid (4-HB). Other 

Coq polypeptides work to catalytically modify the head group via decarboxylation, hydroxylation, 

and methylation steps, in order to produce QH2. Several of the Coq proteins involved in the 

synthesis of Q6 in S. cerevisiae associate in a high molecular mass complex termed the CoQ 

synthome, and localize to the inner mitochondrial membrane on the matrix side (Fig 1B) (9,11). 

Coq4 serves as a scaffolding protein and is the central organizer of the CoQ synthome (12). Many 
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of the other Coq polypeptides, including Coq3, Coq5, Coq6, Coq7, Coq8, Coq9, and Coq11 are 

partner proteins required for CoQ synthome stability, assembly, or enzyme activity (9,11). 

Coq8 is a member of the ancient protein kinase-like (PKL) UbiB family of proteins, as well as a 

member of the superfamily of putative atypical protein kinases termed “ADCKs” (aarF-domain 

containing kinases) (13). The UbiB PKL family comprises nearly a quarter of all known microbial 

PKL proteins, is involved in isoprenoid lipid synthesis, and is necessary for the aerobic production 

of Q (14).  In humans, there are five UbiB-like homologs, termed ADCK1 - ADCK5; deficiencies 

in ADCK1, ADCK2, ADCK3 or ADCK4 have been implicated in various diseases. ADCK3 

(COQ8A) and ADCK4 (COQ8B) are co-orthologs of yeast Coq8, since each can rescue the yeast 

coq8 null mutant (15,16). Patients harboring mutations in ADCK3 develop cerebellar ataxia 

(17,18), while patients with mutations in ADCK4 develop steroid resistant nephrotic syndrome 

(16,19). Both types of patients have significantly decreased levels of Q10. Recently, ADCK2 

haploinsufficiency was observed to cause liver dysfunction, impaired fatty acid oxidation, and 

mitochondrial myopathy in skeletal muscle in one patient and in a mouse model (20).   

Structural and biochemical studies of human COQ8A revealed an atypical kinase-like fold, 

and ATP and ADP were bound in a divalent cation-dependent manner (13). Sequence alignments 

identified nine conserved PKL subdomains (13). Analyses of yeast coq8 mutants with mutations 

present within the PKL motifs suggest that these conserved motifs are essential for Q biosynthesis 

(13,15). Creation of an ATP analog-sensitive version of yeast Coq8 showed that chemical 

inhibition with targeted ATP-based inhibitors could be used to rapidly induce a respiratory 

deficient phenotype and depletion of Q6 (21). These studies indicate that ATP binding and 

hydrolysis is essential to the function of Coq8 and COQ8A in the biosynthesis of Q. An atypical 

Ala-rich loop defines the PKL-motif 1 of COQ8A and replaces the Gly-rich loop present in the 
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active site of canonical protein kinases (13). The mutation of a single alanine residue (A339) to a 

glycine within the Ala-rich loop of kinase-like motif 1 elicited enhanced autophosphorylation of 

COQ8A, but decreased Q production. The A339 of human COQ8A corresponds to A197 of yeast 

Coq8; the Coq8-A197V mutation was shown to abolish Q6 production in yeast (15).  

Several Coq polypeptides are shown to be phosphorylated in a Coq8-dependent manner—

particularly Coq3, Coq5, and Coq7—although there is no direct evidence that Coq8 is the kinase 

that is responsible for this phosphorylation (15). Instead, mammalian COQ8A and COQ8B, and 

yeast Coq8, have been proposed to function as ATPases or small molecule kinases, rather than as 

canonical protein kinases (22). In this capacity Coq8 may somehow act to assist the formation or 

stability of the CoQ synthome. Coq8 and its ATPase activity are also required for the organization 

of the CoQ synthome into puncta or discrete domains that occur at contact sites between the 

mitochondria and ER (23,24). Coq4, Coq7, and Coq9 polypeptides are often used as sensitive 

indicator polypeptides of the CoQ synthome (12,25). Overexpression of Coq8 augments the steady 

state levels of these indicator Coq polypeptides and stabilizes the CoQ synthome (12,25,26). 

  In this study, we employed a yeast coq8-3 mutant harboring an A197V mutation that was 

previously characterized as “Q-less” and unable to grow on rich medium containing glycerol 

(YPG) (15).  We recovered spontaneous revertants that acquired the ability to grow on YPG. 

Surprisingly, characterization of the revertants reveals that each contains a secondary mutation 

within the COQ8 gene, and thus are intragenic suppressors. Overall, we identify and characterize 

three novel point mutations that appear to be highly influential in the mode of action of Coq8 and 

its contribution to Q production and CoQ synthome stability. 
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EXPERIMENTAL PROCEDURES 

All reagents were obtained commercially from Fisher Scientific unless otherwise specified. 

 

Yeast strains and culture conditions 

The S. cerevisiae strains used in this study are listed in Table 1. All strains were derived 

from the W303 genetic background. Liquid yeast culture medium was prepared as described (11) 

and included YPD (2% glucose, 1% yeast extract, 2% peptone), YPGal (2% galactose, 0.1% 

glucose, 1% yeast extract, 2% peptone), and YPG (3% glycerol, 1% yeast extract, 2% peptone). 

Yeast plate medium was prepared by adding 2% Agar (Bacto) to the above mentioned liquid 

media. Yeast strains were stored in 30% (v/v) sterile glycerol at −80 oC. Prior to each experiment, 

the corresponding strains were plated on to YPD plates, incubated at 30 oC for two to three days, 

and the plates with yeast colonies were stored at 4 oC for up to two weeks.  

 

Use of CRISPR/Cas9 to generate NP-183A and NP-183AL 

pCAS plasmid was obtained from Addgene (plasmid #60847) (27) (Table 2). NP-183A 

and NP-183AL strains harboring the coq8-3 point mutation were prepared via standard yeast 

transformation protocol (28) with inclusion of 1 µg of the pCas9 plasmid along with the standard 

repair DNA for homologous recombination. The COQ8 sequence in proximity of the coq8-3 point 

mutation (C590T encoding A197V) was designed following a Protospace Adjacent Motif (PAM) 

sequence. A 60-basepair repair double stranded DNA that emulated the coq8-3 point mutation was 

prepared through restriction free cloning with the QuikChange II Site-directed mutagenesis kit 

(Agilent, Santa Clara, CA). The newly desired plasmid and the repair DNA were used to transform 

W303-1A. Transformants were plated on YPD with G418 and incubated at 37 oC for one to two 
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days to activate the Cas9 enzyme. Colonies observed on YPD with G418 were isolated and grown 

on YPD at 30 oC. The COQ8 gene sequence was verified through sequencing and over the region 

of the COQ8 gene, NP-183A and NP-183AL (Table 1) each contained just the coq8-3 mutation.  

 

Yeast mating type switch 

Mating type switch for NP-183A was performed with the pGal-HO plasmid as described 

(29). Single colonies were selected and tested for intact mitochondrial genome by mating with 

JM6 and JM8 rho0 tester strains (Table 1). The rho test also provided verification of the mating 

type switch.  

 

Yeast sporulation and tetrad dissection 

Diploid cells were induced to sporulate and tetrads dissected as described (30). Respiratory 

defective yeast diploid strains were transformed with p3HN4 expressing the wild-type COQ8 gene 

prior to sporulation. Treatment with 5-fluoro-orotic acid (5-FOA) was used to remove p3HN4 from 

resulting haploid progeny (30). 

 

Site-directed mutagenesis 

Site-directed mutagenesis was performed with the QuikChange Lightning mutagenesis kit 

and the XL10 transformation according to the manufacturer’s directions (Agilent, Santa Clara, 

CA).  
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Purification of mitochondria 

Yeast cells were grown in 5 ml of YPGal plus 0.1% dextrose precultures and inoculated 

into 600-ml YPGal plus 0.1% dextrose cultures for overnight growth in a shaking incubator (30 

°C, 250 rpm). Cells were harvested at an A600nm of 3.5–4.0, and mitochondria were purified as 

described (31) and (11). Protein concentration was measured with a BCA assay using bovine serum 

albumin as the standard. 

 

SDS-PAGE and Immunoblot analyses 

Protein samples incubated with SDS sample buffer (50 mM Tris-HCl, pH 6.8, 10% 

glycerol, 2% SDS, 0.1% bromphenol blue, 1.33% β-mercaptoethanol) were separated on 12% Tris-

glycine SDS-polyacrylamide gels by electrophoresis (32) for 2 hrs at 135 V followed by transfer 

to Immobilon-P PVDF membranes (Millipore) at 150 V for 1 hr. Membranes were then blocked 

overnight in 3% nonfat milk, phosphate-buffered saline (140.7 mM NaCl, 9.3 mM Na2HPO4, pH 

7.4), 0.1% Tween 20 or BSA based blocking buffer for compatibility with LiCor imaging.  

Membranes were then probed with primary antibodies (Table 3) in 2% nonfat milk, phosphate 

buffered saline, 0.1% Tween 20 or with antibodies diluted in BSA-based buffer compatible with 

LiCor imaging. Goat anti-rabbit secondary antibody conjugated to horseradish peroxidase 

(Calbiochem) was used at 1:10,000 dilutions. Blots were visualized using Supersignal West Pico 

chemiluminescent substrate or directly via the LiCor system when secondary antibody used was 

conjugated to a fluorescent signal probe. 
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Metabolic labeling of Q6 with 13C6-labeled precursors 

In order to assess the content of de novo synthesized Q6, yeast strains were grown as 

described (33). Briefly yeast strains were incubated overnight in 5 ml of YPD in a shaking 

incubator (30 °C, 250 rpm) and diluted to an A600nm of 0.1 in 6 ml of fresh YPD the next morning. 

The cultures were incubated as before to an A600nm of 0.5 (mid-log phase) and subsequently treated 

with 13C6-4HB at 10 µg/ml final concentration (ethanol 0.015%, v/v). At designated time periods, 

cells were harvested by centrifugation at 3000 × g for 5 min, from 5 ml aliquots. Cell pellets were 

stored at −20 °C.  

 

Analysis of Q6 and Q6 intermediates 

Q6 was obtained from Avanti Polar Lipids, Inc. Lipid extraction of cell pellets was 

conducted as described (33) with methanol and petroleum ether. Prior to extraction Q4 was added 

as the internal standard. To determine the Q6 content in yeast strains cultured on YPG plates, the 

strains were applied to YPG plates and incubated at 30oC 4-5 days before harvesting. Cells 

recovered from the solid plate medium were suspended in YPG liquid medium and the A600 

determined. Cells were then collected by centrifugation and subjected to lipid extraction. Yeast 

strains that failed to grow on YPG were subjected to the same analysis, except that a section of the 

solid plate medium harboring the inoculated yeast cells was excised and subjected to the lipid 

extraction protocol. This was performed in order to recover cells that were applied to the plate 

medium but failed to grow. Lipid measurements were performed by HPLC-MS/MS and 

normalized to total OD. Prior to mass spectrometry analyses, all samples were treated with 1.0 

mg/ml benzoquinone to oxidize hydroquinones to quinones. Mass spectrometry analyses utilized 

a 4000 QTRAP linear MS/MS spectrometer (Applied Biosystems), and data were acquired and 
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analyzed using Analyst version 1.4.2 and 1.5.2 software (Applied Biosystems). Separation of lipid 

quinones was performed with a binary HPLC delivery system and a Luna 5µ phenyl-hexyl column 

(100 × 4.6 mm, 5 µm; Phenomenex). The mobile phase consisted of a 95:5 methanol/isopropyl 

alcohol solution with 2.5 mM ammonium formate as solution A and a 100% isopropyl alcohol 

solution with 2.5 mM ammonium formate as solution B. The percentage of solution B was 

increased linearly from 0 to 5% over 6 min, whereby the flow rate was increased from 600 to 800 

µl. Initial flow rate and mobile phase conditions were changed back to initial phase conditions 

linearly over 3.5 min. Each sample was analyzed using multiple reaction monitoring mode. The 

following precursor-to-product ion transitions were detected as well as the +17 m/z ammoniated 

adducts for each of the metabolic products: 13C6-HHB m/z 553.4/157.0 (ammoniated: 

570.4/157.0), 12C-HHB m/z 547.4/151.0 (ammoniated: 564.4/151.0), 13C6-DMQ6 m/z 567.6/173.0 

(ammoniated: 584.6/173.0), 12C-DMQ6 m/z 561.6/167.0 (ammoniated: 578.6/167.0), 13C6-Q6 m/z 

597.4/203.1 (ammoniated: 614.4/203.1), 12C-Q6 m/z 591.4/197.1 (ammoniated: 608.4/197.1), and 

12C-Q4 m/z 455.4/197.0 (ammoniated: 472.4/197.0). 

 

Plate dilution assays 

Strains were grown overnight in 5 ml of YPD as described (33) and diluted to an A600 of 

0.2 in sterile PBS. A 5-fold serial dilution in PBS was performed, after which 2 µl of each dilution 

(1 X, 5 X, 25 X, 125 X, and 625 X) were spotted onto the designated plate growth medium. The 

final A600 of the aforementioned dilution series are 0.2, 0.04, 0.008, 0.0016, and 0.00032, 

respectively. The plates were incubated at 30 oC for the designated time periods in days and 

subsequently imaged. 
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PHYRE homology modeling 

S. cerevisiae Coq8 was modeled with the PHYRE2 intensive modeling mode (34). A 44% 

identity was obtained compared to PDB ID 4PED, a crystal structure determined for an amino-

terminal truncated human COQ8A.  The modeled structure lacks the first 32 amino acids of yeast 

Coq8, predicted to function as the mitochondrial targeting sequence. This sequence is excised upon 

transport of Coq8 to the mitochondria, resulting in the mature Coq8 polypeptide.  

 

RESULTS 

Single nucleotide mutations within COQ8 restore respiratory growth of the Coq8-A197V 

mutant 

 A yeast mutant harboring the coq8-3 allele (see Table 1 for the complete genotype), 

is respiratory defective, fails to grow on medium with glycerol as the sole carbon source, and lacks 

Q6 (15,35). The coq8-3 mutation was identified as A197V, resulting from C590T in the DNA 

sequence of the COQ8 gene (Table 4) (15). In order to isolate and characterize spontaneous coq8-

3 revertants, we recreated the Coq8-A197V mutation in the W303-1A wild-type genetic 

background. To accomplish this, the C590T mutation was introduced into the W303-1A genome 

via CRISPR/Cas9 as described in Materials and Methods, and gave rise to yeast strains NP-183A 

and NP-183AL, that each expressed Coq8-A197V (Table 1). Three independent screens were 

performed to search for spontaneous revertants, with the acquired ability to grow on YPG plate 

medium after incubation at 30 °C for three to four weeks. Colonies observed on the YPG screening 

plates were not always capable of sustained growth when reapplied to fresh YPG plate medium. 

Thus, colonies were assessed by plate dilution assays prior to being identified as potential 

revertants. 
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This procedure produced five independent revertant yeast strains termed Rev-AL, Rev-BL, 

Rev-CL, Rev-DL, and Rev-EL that carry suppressor mutations (Table 1). Qualitatively, the robust 

growth of Rev-CL, Rev-DL and Rev-EL was comparable to wild type, while less robust growth 

was observed for Rev-AL and Rev-BL on YPG (Fig 2).  Sequence analyses of the coq8 locus in 

each of the five revertant yeast strains showed retention of the parental Coq8-A197V mutation 

(Table 4). Surprisingly, each of the revertants also harbored a second mutation within the coq8 

locus, indicating that the revertant phenotypes were perhaps due to intragenic suppression. Thus, 

in addition to the introduced A197V mutation, Rev-AL acquired the L237P mutation, Rev-BL 

acquired the P220S mutation, and Rev-CL, Rev-DL, and Rev-EL each acquired the same S232N 

mutation resulting from G695A (Table 4). 

 

Dominance tests reveal Rev-AL and Rev-BL are recessive and Rev-CL, Rev-DL, and Rev-

EL are dominant 

To test dominance, each haploid revertant was mated with NP-183BH to create diploids 

(Table 1). The NPD-A and NPD-B diploids derived from Rev-AL and Rev-BL, respectively, were 

unable to grow on YPG, indicating that the L237P and P220S mutations were recessive 

suppressors (Figure 3A). Conversely, the NPD-C, NPD-D and NPD-E diploids each grew on YPG 

plate medium, and showed the S232N mutation was a dominant suppressor (Fig 3A). To examine 

whether each of the revertant phenotypes could be attributed to a single nuclear mutation, the 

diploids were sporulated, and four to ten tetrads were dissected for each of the NPD-A, NPD-C, 

NPD-D and NPD-E diploids (S1-S3 Figs). In order to permit sporulation, the respiratory defective 

NPD-A and NPD-B diploids were first rescued by transformation with a low copy plasmid 

expressing wild-type COQ8 (p3HN4, Table 2). Although this procedure enabled tetrad dissection 
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of spores derived from NPD-A, we were not able to obtain tetrads from NPD-B. Four dissected 

spores from each tetrad were grown on YPD plate medium and replica-plated onto YPG plate 

medium. The haploid spores derived from NPD-A were first cured of p3HN4 prior to testing on 

YPG medium as described in Materials and methods. Each of the diploid strains yielded tetrads 

that segregated 2:2 for respiration (S1-S3 Figs). These results indicated that the ability of Rev-AL, 

Rev-CL, Rev-DL and Rev-EL to respire was due to a single nuclear mutation.  

 

The S232N amino acid substitution is solely responsible for restoration of the growth of Rev-

CL yeast on a non-fermentable carbon source 

We wanted to determine whether the S232N change was responsible for the gain of 

function in the Rev-CL, Rev-DL and Rev-EL revertants expressing Coq8-A197V/S232N. To test 

this, p3HN4, a low copy plasmid carrying COQ8, was modified to create different variants. One 

variant possessed just the A197V mutation, a second had only the S232N mutation, and the final 

variant contained both point mutations (Table 4). The parental mutant, NP-183AL was 

transformed with each plasmid and tested for growth on a non-fermentable carbon source. As 

expected, NP-183AL with the plasmid expressing Coq8-A197V failed to grow on YPG plate 

medium (Fig 3B). However, significant growth was observed for NP-183AL containing the 

plasmid plc-Coq8-A197V/S232N and for the plasmid plc-Coq8-S232N (Fig 3B). This result 

confirmed that the S232N amino acid substitution was solely responsible for the gain of function 

of respiratory growth observed in the Rev-CL, Rev-DL and Rev-EL revertants. In subsequent 

studies, Rev-CL was used as the representative mutant for S232N. 
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Structural prediction of yeast Coq8 reveals putative spatial organization of revertant 

mutations  

A crystal structure for the yeast Coq8 polypeptide has not yet been reported. However, a 

partial human COQ8A (ADCK3) structure was characterized and deposited as 4PED in the protein 

databank (13). PHYRE2 homology modeling software was used to predict the putative structure 

of yeast Coq8, which was modeled at 44% identity to the partial human COQ8A structure 4PED 

(Fig 4A) (34). Modeling yeast Coq8 in this manner relates the predicted locations of the suppressor 

mutations with respect to the previously published COQ8A domains. Yeast Coq8-A197 is the site 

of the A197V parental mutation, and is located in the Ala-rich loop of Protein Kinase-Like Motif 

I (PKLI), within the beta sheets that are part of the N-lobe (Figure 4; (13)). The suppressor 

mutations are all located next to, or within, the GQα5 motif, in what is termed the “N-lobe insert” 

(Fig 4; (13)). The relative predicted locations of L237 (L237P in Rev-AL), P220 (P220S in Rev-

BL), and S232 (S232N in Rev-CL, Rev-DL and Rev-EL) are in close proximity to A197V in the 

primary sequence (Fig 4C). However, the mutations in Rev-AL and Rev-CL are estimated to reside 

19 Å from the A197V mutation, and the P220S in Rev-BL is estimated to reside 13.4 Å from the 

A197V mutation (Figure 4A, inset). Moreover, it is apparent that L237, P220, and S232 residues 

are located on the surface of Coq8, remote from the predicted active site residues in the Ala-rich 

region of the PKL1 motif.  

 

Amino acid alignment indicates that S232N in Rev-CL is sustained as a conserved Asn in 

other eukaryotic Coq8 homologs 

A multiple sequence alignment of yeast Coq8, E. coli UbiB, A. thaliana ABC1, C. elegans 

COQ-8, mouse COQ8A and COQ8B, and human COQ8A and COQ8B homologs shows the 



	
	

167 

relative positions of the A197V and the three amino acid substitutions recovered in the revertants 

(Fig 4C). The mutations in Rev-AL (L237P) and in Rev-BL (P220S) both correspond to highly 

conserved residues in all eight Coq8 homologs.  Intriguingly, with the exception of S. cerevisiae, 

all eukaryotic sequences examined in Fig 4C have a conserved Asn present at the relative position 

of yeast Coq8-S232. Since the Coq8-S232N substitution confers a dominant phenotype that over-

rides the inactive Coq8-A197V mutation, it is possible that the Asn naturally present at this 

corresponding position in the other eukaryotic Coq8 homologs may confer an inherently more 

active state. 

 

Analyses of Q6 synthesis and content in the three revertant yeast strains as compared to wild-

type yeast 

Growth of WT, coq8∆, NP-183A (containing Coq8-A197V), Rev-AL, Rev-BL, and Rev-

CL was assessed in various types of growth medium. When rich medium containing dextrose was 

provided as the sole fermentable carbon source (YPD), the six strains followed a nearly identical 

logarithmic growth trend over the first five hours (S4A Fig). When glycerol was provided as the 

sole carbon source (YPG), initial growth during the first five hours represented two to three 

doublings, and was presumably due to utilization of a small amount of dextrose introduced by the 

inoculum of yeast cultured in YPD. Over the course of 24 hours, WT and Rev-CL showed similar 

vigorous growth, while Rev-AL displayed slower growth on YPG (S4B Fig). When galactose was 

provided as a main carbon source (YPGal supplemented with 0.1% dextrose) WT showed the 

highest growth, followed closely by Rev-CL, then NP-183A, the coq8∆ mutant, and Rev-AL, and 

with Rev BL showing the slowest growth in this condition (S4C Fig). YPGal medium provides a 

fermentable but non-repressive carbon source, and is used for experiments that involve 
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mitochondrial extraction and purification (36). It is useful here to establish these growth behaviors 

for each strain of interest in order to determine the optimal time course of incubation.  

 Q6 de novo synthesis was measured following incubation with 13C6-4HB, a ring precursor 

of Q6 (Fig 1). In addition, total Q6 content, and Q6-intermediates were quantified in each of the six 

strains grown in YPD.  Over the course of five hours, cells were harvested and lipid extracts were 

analyzed for unlabeled 12C-Q6 and de novo 13C6-Q6 levels using HPLC-tandem mass spectrometry.  

Rev-CL produced nearly comparable levels of unlabeled Q6 as WT, while producing slightly lower 

levels of de novo 13C6-Q6 (Figs 5A and 5B). The expanded scale presented in Figs 5C and 5D, 

shows that Rev-AL has significantly lower levels of unlabeled and de novo 13C6-Q6.  Conversely, 

in these YPD cultures Rev-BL lacks detectable levels of unlabeled Q6 or labeled 13C6-Q6. In this 

regard it behaves identically to the Q-less coq8∆ and NP-183A mutants. 

 WT and Rev-CL yeast strains that produced high levels of unlabeled Q6 and de 

novo 13C6-Q6, also contained comparable levels of unlabeled DMQ6 and de novo 13C6-DMQ6 (Figs 

6A and 6B), the penultimate intermediate in Q6 biosynthesis (Fig 1). Rev-AL and Rev-BL, as well 

as the coq8∆ and NP-183A mutants produced substantially lower or undetectable levels of DMQ6 

(Figs 6A and 6B). In contrast, these four mutant yeast strains contained relatively high levels of 

unlabeled HHB and 13C6-HHB as compared to WT (Figs 6C and 6D). HHB is an early intermediate 

in Q6 biosynthesis that frequently accumulates in yeast coq3 – coq11 mutants with deficiencies in 

Q6 biosynthesis (9). The relatively high accumulation of 13C6-HHB in Rev-CL suggests that de 

novo synthesis of 13C6-Q6 is impaired as compared to WT.  

Overall, the lipid analyses in YPD medium over a five-hour time course show that the 

secondary mutation S232N in Rev-CL restored the capacity to produce Q6 to levels comparable to 
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WT, while Rev-AL makes substantially lower levels of Q6. Surprisingly, Rev-BL failed to produce 

detectable amounts of unlabeled Q6 or labeled 13C6-Q6. 

 

Both Rev-CL and Rev-AL are able to synthesize Q6 in non-fermentable YPG medium 

The lack of detectable Q6 in the YPD cultures of Rev-BL raised the question, how is this 

mutant able to grow successfully on YPG plates? In order to interrogate this further, each of the 

six strains was cultured in a YPG glycerol-based medium (non-fermentable) and in the YPD 

dextrose-based (fermentable) medium, and analyzed for unlabeled and de novo 13C6-Q6 production 

after five hours of incubation.  Rev-CL exhibited comparable levels of unlabeled and de novo 13C6-

Q6 to WT, in both types of medium (Figs 7A and 7B), and total (12C-Q6 +13C6-Q6) levels in Rev-

CL were nearly identical to WT in YPG (Fig 7C).  Rev-AL contained low amounts of unlabeled 

Q6, a trait that was more pronounced in YPG medium (Fig 7A). Curiously, neither unlabeled Q6 

nor labeled 13C6-Q6 was detected in the Rev-BL yeast under these conditions (Fig 7).   

 

Rev-BL grown on solid YPG plate medium contains Q6 

Since culture for five hours in liquid YPG medium failed to allow Rev-BL to produce any 

detectable amounts of Q6, we recovered yeast from colonies that were cultured on YPG plate 

medium. Under these growth conditions, WT, Rev-AL, Rev-BL and Rev-CL showed growth (Fig 

2) and successful production of Q6 (Fig 8A).  In fact, WT, Rev-CL, and Rev-AL showed 

comparable levels of Q6, while Rev-BL produced lower amounts of Q6 (Fig 8A). These results 

show that under conditions of growth on YPG plate medium, Rev-BL is able to produce Q6. It has 

been shown that growth on YPG plate medium requires only 0.2 to 3% of the “baseline” levels of 

Q6 (9,11,37,38). This may explain the low but comparable growth of Rev-BL and Rev-AL 
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observed on YPG plate medium (Fig 2B). As controls, the coq8Δ and NP-183A yeast strains were 

also applied to the YPG plate medium. Although these yeast fail to grow on YPG medium, the 

region of the plate containing the applied yeast cells was recovered, and analyzed for Q6 and Q6-

intermediates as described in Materials and Methods. Neither Q6 nor DMQ6 were detected in these 

lipid extracts, although an early Q6-intermediate HHB, was detected (Fig 8). 

 

Growth in nutrient conditions that facilitate the study of mitochondrial function reveals the 

capacity of all three revertants to produce Q6  

In order to study mitochondrial function in yeast strains, rich growth medium containing 

2% galactose (YPGal) is often used as a non-repressing carbon source (36). The use of this growth 

medium circumvents the repression of mitochondrial function mediated by dextrose.  For this 

analysis, a predominantly galactose carbon source was used (YPGal with 0.1% dextrose). Under 

this condition, Rev-CL showed a decreased capacity to produce both unlabeled and de novo 13C6-

Q6, as compared to WT (Fig 9A), while Rev-AL and Rev-BL produced substantially lower 

amounts of unlabeled and 13C6-Q6 than Rev-CL (Fig 9A, inset).  Indeed, only WT and Rev CL 

showed detectable levels of DMQ6, while all the strains except WT showed accumulation of the 

early precursor, HHB (Figs 9B and 9C).  

 

The suppressor mutations in Rev-AL, Rev-BL, and Rev-CL result in different levels of the 

CoQ synthome polypeptides 

We sought to investigate the effects of the Coq8 suppressors on the levels of sensitive 

indicator Coq polypeptides. These indicator polypeptides include Coq4, Coq7, and Coq9, because 

they serve key roles in maintaining the high molecular mass CoQ synthome (12).  In order to track 
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these indicator Coq polypeptides, mitochondria were subjected to immunoblotting with the 

primary antibodies described in Table 3.  Interestingly, Rev-CL contained nearly wild-type content 

of the Coq4 and Coq9 polypeptides, while Rev-AL and particularly Rev-BL had decreased 

amounts of Coq4 and Coq9 (Fig 10).  This is quite intriguing, since Coq4 has previously been 

shown to serve as a central organizer of the CoQ synthome (12). The content of Coq7 is retained 

at near WT levels in Rev-CL and Rev-AL, but was slightly decreased in Rev-BL. This is consistent 

with the higher content of Q6 in Rev-CL, since Q6 production relies on Coq4, Coq7, and Coq9 (9). 

It appears as though the Rev-AL and Rev-CL exhibit a near normal amount of Coq8 polypeptide 

as compared to WT, while the level of Coq8 polypeptide is lower in Rev-BL mitochondria (Fig 

10). 

 

DISCUSSION 

Coq8 is a member of an ancient family of atypical protein kinases with essential roles in 

Q6 biosynthesis. Coq8 facilitates the assembly of the CoQ synthome, a multisubunit complex that 

is essential for the biosynthesis of Q6 in yeast (12). Coq8 also mediates the organization of the 

CoQ synthome into discrete domains within mitochondria, observed as puncta located adjacent to 

ER-mitochondria contact sites (23). These functions are conserved in COQ8A, the human ortholog 

of yeast Coq8 (23). E. coli UbiB, yeast Coq8 and human COQ8A possess ATPase activity that is 

stimulated by analogs of Q-intermediates (21), although the mechanism(s) by which Coq8 or 

COQ8A mediate the assembly or spatial organization of the CoQ synthome (or Complex Q) is still 

mysterious (23,39).  

In this study we used a yeast Coq8-A197V mutant previously characterized as Q-less and 

respiratory deficient (15). The A197V mutation occurs within the crucial Ala-rich PKL-motif I of 
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yeast Coq8, that replaces the Gly-rich nucleotide-binding loop normally present in canonical 

protein kinases (13) (Fig 4C). Thus, the A197V mutation occurs within the presumed active site 

of the Coq8 polypeptide, and is likely to impact the binding of ATP and its hydrolysis. Here, we 

characterized spontaneous revertants of the Coq8-A197V mutant that were isolated following 

long-term culture in growth medium containing glycerol, a non-fermentable carbon source. Each 

revertant (Rev-AL, Rev-BL, Rev-CL, Rev-DL and Rev-EL) acquired the ability to grow on 

medium containing glycerol and to synthesize Q6. Surprisingly, each revertant was found to 

contain a secondary mutation within the COQ8 gene, suggesting that the recovery of glycerol 

growth and Q6 synthesis resulted from an intragenic suppressor mutation.  

Each of the intragenic suppressor mutations was determined to reside next to or within the 

GQα5 helix of Coq8. The GQα5 helix is one of two helices that form an insert located between 

the beta sheet (β3) and the αC helix (Fig 4). This insert is part of a distinct and conserved feature 

present in each of the PKL members of the UbiB family (13). Each intragenic suppressor mutation 

was predicted to lie near the surface of Coq8, and to range a distance of 14 - 19 Å from the A197V 

mutation (Fig 4). It is tempting to speculate that the surface location of the Coq8 suppressor 

mutations allows them to mediate interactions of Coq8 with other Coq subunit proteins of the CoQ 

synthome. Because expression of Coq8-A197V/S232N is able to dominantly suppress the parental 

mutant phenotype, it may serve to displace the Coq8-A197V polypeptide. In contrast the recessive 

intragenic suppressors are unlikely to be able to displace the Coq8-A197V polypeptide (Fig 11). 

Differences between the two classes of revertants (dominant and recessive) are also evident 

from their capacity to synthesize Q6. Rev-CL displayed the capacity to synthesize levels of Q6 

comparable to wild-type yeast.  Rev-AL and Rev-BL, however, produced much lower amounts of 

Q6, yet still showed the ability to make significant quantities, when cultured on YPGal + 0.1% 



	
	

173 

dextrose liquid medium or when cultured on YPGlycerol plate medium. Thus, we hypothesized 

that the Coq8-A197/S232N polypeptide present in Rev-CL may act to restore levels of the Coq 

polypeptides that are components of the CoQ synthome. 

Determining the levels of sensitive indicator Coq polypeptides tested this idea. Rev-CL 

displayed robust levels of Coq4, Coq7, and Coq9 polypeptides.  The Coq8-A197V/S232N 

polypeptide was also present at levels comparable to Coq8 in wild-type yeast. This is consistent 

with the high levels of Q6 synthesis in the Rev-CL yeast.  In contrast, the recessive revertants, Rev-

Al and Rev-BL produced much less Q6, and retained low amounts of the Coq4 and Coq9 indicator 

polypeptides. 

It is notable that the Coq8-A197V/S232N polypeptide in Rev-CL allows for efficient 

respiration and a near perfect restoration of Q6 production.  In eukaryotic Coq8 homologs, an Asn 

residue normally occupies this same location as S232 (Fig 4C). It is possible that the yeast Coq8-

S232N point mutation restores Q6 biosynthesis by mimicking the sequence of higher order 

eukaryotic Coq8 orthologs.  

A distinct mutation of A197G in Coq8 has been shown to decrease Q6 content and inhibit 

growth on glycerol containing medium (13), and also results in enhanced ATPase activity and cis-

autophosphorylation (21,22). Similar trends of ATPase and cis-autophosphorylation are noted for 

the A339G mutation in human COQ8A, which corresponds to Coq8-A197G (21,22). It would be 

interesting to perform similar activity assays on the Coq8-A197V and each of the three revertants.  

Protein kinase activity in trans has not been demonstrated for any of the UbiB, Coq8, or 

COQ8A PKL orthologs (22). It is possible that the full-length activity of Coq8 may show different 

properties than the truncated versions used in activity assays to date (40). A recent report identifies 

a PKL family member with distinct ATP-dependent ligation activity (41). There is precedent in A. 
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thaliana for trans phosphorylation mediated by an ABC1K homolog of the UbiB family. ABC1K1 

has been shown to phosphorylate VTE1, a plastoglobule protein involved in vitamin E synthesis 

(42). ABC1K1 is one of five ABC1K homologs located within the plastoglobule, a lipid droplet 

within the plastid that contains prenylated lipids including plastoquinone and vitamin E (43). 

Finally, it is possible that phosphorylation sites may control transport into the mitochondria, since 

several sites present in Coq7 and Coq9 polypeptides are located near the amino terminus, and are 

not present in the full length polypeptide (15,44,45). The phosphatase Ptc7 in yeast and PPTC7 in 

human cells have recently been shown to aid in import of mitochondrial proteins (46). It will be 

important to determine the effect of the revertant mutations on the role of full-length Coq8 in order 

to understand its mechanisms of action in Q biosynthesis. 
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Table 1. Genotypes and sources of yeast strains 
Strain Genotype or description Source 

W303-1A MAT a leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 
his3-11,15 

R. Rothsteina 

C183 MAT α met6 coq8-3 (35) 

W183-2A MAT a his3-1,15 trp1-1 ura3-1 coq8-3 (15) 

JM6 MAT a his4 rho0 J.E. McEwenb 

JM8 MAT α ade1 rho0 J.E. McEwenb 

W303∆coq8 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1, ura3-1 
coq8::HIS3 

(47) 

NP-183A MAT a leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 
his3-11,15 coq8-3 

This work 

NP-183AL MAT a trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
coq8-3 

This work 

NP-183B MAT α leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 
his3-11,15 coq8-3 

This work 

NP-183BH MAT α leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 
coq8-3 

This work 

Rev-AL MAT a trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
coq8-3 SupRA 

This work  

Rev-BL MAT a trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
coq8-3 SupRB 

This work 

Rev-CL MAT a trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
coq8-3 SupRC 

This work 

Rev-DL MAT a trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
coq8-3 SupRD 

This work 

Rev-EL MAT a trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 
coq8-3 SupRE 

This work 

NPD-NP diploid produced from NP-183BH × NP-183AL  This work 

NPD-A diploid produced from NP-183BH × Rev-AL This work 

NPD-B diploid produced from NP-183BH × Rev-BL This work 

NPD-C diploid produced from NP-183BH × Rev-CL This work 

NPD-D diploid produced from NP-183BH × Rev-DL This work 

NPD-E diploid produced from NP-183BH × Rev EL This work 
a Dr. Rodney Rothstein, Columbia University, b Dr. Joan E. McEwen 



	
	

176 

Table 2. Plasmid constructs used in this study 

 
 

Table 3. Antibodies used in this study 
 
 

 

 

 

 

 

 

Table 4. Amino acid and nucleotide substitution of coq8 alleles 

NP-183AL A197V (C590T) 
Rev-AL A197V (C590T) and L237P (T710C) 
Rev-BL A197V (C590T) and P220S (C658T) 
Rev-CL A197V (C590T) and S232N (G695A) 
Rev-DL A197V (C590T) and S232N (G695A) 
Rev-EL A197V (C590T) and S232N (G695A) 

 

Plasmid Construct Description Copy Number Source 

pCAS Expresses S. pyogenes Cas9 plus a 
HDV ribozyme-sgRNA for genome 
editing in yeast 

Multi copy (27) 

p3HN4 Yeast ABC1/COQ8  Low copy (48) 

p4HN4 Yeast ABC1/COQ8  Multi copy (49) 

plc-Coq8-A197V Yeast ABC1/COQ8 with Coq8-A197V  Low copy This work  

plc-Coq8-S232N Yeast ABC1/COQ8 with Coq8-S232N Low copy This work 

plc-Coq8-
A197V/S232N 

Yeast ABC1/COQ8 with Coq8-A197V  
and S232N   

Low copy This work  

Antibody Working solution Source 

Coq4 1:1000  (50) 

Coq7 1:500  (51) 

Coq8 1:30 (affinity purified)  (52) 

Coq9 1:1000 (52) 

Mdh1 1:10,000   Lee McAlister-Henna  
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Coenzyme Q biosynthetic pathway in S. cerevisiae and the formation of the high-

molecular mass CoQ synthome.  A, The pathway for the enzymatic formation of Q6 in yeast, 

starting with 4-hydroxybenzoic acid as the ring precursor.  Questions marks indicate unknown 

steps involved in the decarboxylation and hydroxylation of the intermediate(s) leading to reduced 

coenzyme Q6H2.  B, The schematic of a high-molecular mass complex in yeast, termed the CoQ 

synthome. Coq1, Coq2, and Coq10 polypeptides are not observed as members of the high-
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molecular mass complex.  Coq1 and Coq2 produce HHB (designated by the dark gray hexagon). 

This early CoQ-intermediate is converted by subsequent action of Coq6 and other Coq 

polypeptides to an essential lipid component of the CoQ synthome (shown as a light gray hexagon 

in association with Coq4). Coq8 physically associates with Coq6 and is an ancient atypical kinase, 

thought to be responsible for the regulatory phosphorylation of Coq3, Coq5 and Coq7 and/or 

ATPase activity. Q6, the product of the CoQ synthome, is designated by the orange hexagon. 
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Fig 2. Spontaneous revertants of NP-183AL expressing Coq8-A197V show respiratory 

growth on YPG plate medium. The designated yeast strains (Table 1) were each grown overnight 

in 5 mL of YPD, diluted to an A600nm of 0.2 with sterile PBS, and 2 µL of 5-fold serial dilutions 

were spotted onto the designated plate medium, corresponding to a final OD600nm of 0.2, 0.04, 

0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth is depicted after four days. 

Results shown are representative of four independent biological replicate experiments. 

 

 

 

 

 



	
	

180 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. The Coq8-S232N substitution present in Rev-CL, Rev-DL, and Rev-EL is dominant, 

and its presence is sufficient to restore growth of the Coq8-A197V mutant on YPG. A, Each 

isolated revertant (Rev-AL, Rev-BL, Rev-CL, Rev-DL, and Rev-EL) was mated with parental 

mutant, NP-183BH and the respective diploid strains (NPD-A, NPD-B, NPD-C, NPD-D, and 

NPD-E) were isolated as described in Experimental Procedures. As a control, NP-183AL was 

mated with NP-183BH to form a diploid strain NPD-NP containing two copies of the coq8-3 

mutation. The derived diploid strains were then plated on YPD, a fermentable carbon source, and 

YPG, a non-fermentable carbon source. The haploid wild-type strain, W303-1A, was also 

included. Plates were incubated at 30 °C for 4 days Panel A is representative of two independent 

biological replicate experiments. B, Expression of Coq8 harboring the dominant SupRC mutation 
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present in Rev-CL rescues the growth of the NP183AL coq8-3 mutant on non-fermentable 

carbon source medium. Yeast plate dilution assay was conducted on parental mutant, NP-183AL, 

transformed with the designated plasmids: plc-Coq8 (p3HN4), yeast low-copy COQ8; plc-

A197V, yeast low-copy Coq8-A197V; plc-S232N, yeast low copy Coq8-S232N; or plc-

A197V/S232N, yeast low copy Coq8-A197V/S232N. Each strain was cultured overnight in 

SD−Ura selective plate media, and the optical density (A600nm) adjusted to 0.2 with sterile PBS, 

and 2 µL of 5-fold serial dilutions were spotted onto each type of plate medium, as described in 

Fig 2. Cells were incubated at 30° C for 3 days. Panel B is representative of two independent 

biological replicate experiments. 
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Fig 4. Structural prediction of S. cerevisiae Coq8 and sequence alignment with Coq8 

homologs depict the sites of the A197V and suppressor mutations. A, PHYRE2 homology 

prediction of yeast Coq8, modeled to a 44% identity to PDB 4PED, corresponds to the partial 

structure of crystallized human COQ8A (13,34). The structural features of Coq8 and COQ8A are 

color-coded as described previously (13): The N-lobe folds into β-sheets, gray and a single helix 

αC, red; inserted between these features are the GQα5 and GQα6 helices, green; the C-lobe is 

shown in yellow; an N-terminal extension is shown in blue.  The color-coding of the amino acids 
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are: A197, pink; L237, cyan; P220, orange; and S232, purple.  These locations are the sites of the 

parental mutant, Coq8-A197V and the three revertants, Rev-AL (L237P), Rev-BL (P220S), and 

Rev-CL (S232N). Rev-DL and Rev-EL also contained S232N.The predicted 32 amino acid 

mitochondrial targeting sequence of Coq8 (53) has been removed from the model to allow for the 

accurate depiction of the mature polypeptide. A inset, The predicted distances between the A197 

and each of the amino acid substitutions present in Rev-AL, Rev-BL, and Rev-CL are shown on 

the structure following its rotation of 90° counterclockwise. B, Yeast Coq8 is depicted in the same 

orientation and color-coding as for the previously published ADCK3 (13). C, Multiple sequence 

alignment and depiction of the locations of the mutations present in each of the yeast revertants. 

Secondary structure as predicted in the model of Coq8 is depicted above the yeast Coq8 sequence. 

A197V is present within the coq8-3 parental mutant, and is present in each of the revertants. In 

addition, L237P occurs in Rev-AL, the P220S in Rev-BL, and the S232N is present in Rev-CL, 

Rev-DL and Rev-EL. The alignment included the designated Coq8 homologs from S. cerevisiae, 

S. pombe, E. coli, A. thaliana, C. elegans, M. musculus, and H. sapiens. The amino acid alignment 

was built using MUSCLE and visualized using EsPript (54).  
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Fig 5. In YPD liquid medium, biosynthesis of Q6 in Rev-CL is nearly comparable to WT, 

while Rev-AL produces substantially lower levels of Q6 compared to WT, and in Rev-BL Q6 

is not detected. A, Levels of unlabeled Q6 (12C-Q6) and B, de novo synthesized 13C6-Q6 (13C6-Q6) 

in each strain were determined at the designated time points after labeling with 13C6-4HB in YPD 

medium. Unlabeled Q6 and de novo labeled 13C6-Q6 were not detected in coq8Δ, NP-183A or in 

Rev-BL at any of the time points; this is denoted as “ND” at the 5 h time point for simplicity. C 

and D, The expanded scales show the levels of unlabeled and de novo 13C6-Q6 present in the Rev-

AL strain. Error bars, S.D. of n=3 biological replicates (unpaired Student’s t test between all strains 

compared to WT, with statistical significance represented by: *p<0.05, **p<0.005, ***p<0.0005). 

Results are shown for three independent biological replicate experiments. 
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Fig 6. Rev-CL synthesizes late-stage intermediate DMQ6, while Rev-AL and Rev-BL 

accumulate the early-stage intermediate, HHB. A, Levels of unlabeled 12C-DMQ6; B, de novo 

synthesized 13C6-DMQ6; C, unlabeled 12C-HHB; and D, de novo synthesized 13C6-HHB were 

determined in WT, coq8∆, NP-183A, Rev-AL, Rev-BL, and Rev-CL at the designated time points 

after labeling with 13C6-4HB in YPD medium. Error bars, S.D. of n=3 biological replicates 

(unpaired Student’s t test between all strains compared to WT, with statistical significance 

represented by: *p<0.05, **p<0.005, ***p<0.0005). Panel A and B show non-detectable values 

for the lipids analyzed for coq8∆, NP-183A, Rev AL, and Rev BL for all time points, indicated as 

“ND” for the first time point for simplicity.  Panels C and D show non-detectable levels of HHB 

in WT. Results are shown for three independent biological replicate experiments. 
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Fig 7. Rev-CL and Rev-AL are able to synthesize Q6 in YPG liquid medium, and Rev-CL 

produces comparable levels of total Q6 (12C-Q6 + 13C6-Q6) as WT. A, Levels of unlabeled Q6 

(12C-Q6) and B, de novo synthesized 13C6-Q6 (13C6-Q6) in WT, coq8∆, NP-183A, Rev AL, Rev 

BL, and Rev CL were determined after labeling with 13C6-4HB for 5 hours in YPD or YPG 

liquid medium. C, Total Q6 (12C-Q6 + 13C6-Q6) content is shown for all labeled strains in both 

YPD and YPG medium.  Error bars, S.D. of n=3 biological replicates (unpaired Student’s t test 

between all strains compared to WT in the same type of medium, with statistical significance 

represented by: *p<0.05, **p<0.005, ***p<0.0005).  “ND” indicates lipids levels that were non-

detectable in the indicated strains. Results are shown for three independent biological replicate 

experiments. 
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Fig 8. Assessment of Q6 and Q6-intermediates in strains following incubation on YPG plate 

medium reveals the presence of Q6 in Rev-BL.  A, Levels of unlabeled 12C-CoQ6; B, 12C-

DMQ6; and C, 12C-HHB in WT, coq8∆, NP-183A, Rev AL, Rev BL, and Rev CL were 

determined on colonies that were cultured on YPG solid medium for two days. Error bars, S.D. 

of n=3 biological replicates (unpaired Student’s t test between all strains compared to WT, with 

statistical significance set at p<0.05). “ND” indicates lipids levels that were undetectable in the 

indicated strains. Results are shown for three independent biological replicate experiments. 
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Fig 9. Growth in YPGal (a nonrepressive carbon source) reveals all three revertants are 

capable of de novo 13C6-Q6 production. A, Levels of unlabeled 12C-Q6 and de novo 13C6-Q6; B, 

unlabeled 12C-DMQ6 and de novo 13C6-DMQ6; C, unlabeled 12C-HHB and de novo 13C6-HHB in 

WT, coq8∆, NP-183A, Rev-AL, Rev-BL, and Rev-CL were determined in cultures of yeast labeled 

for 5 hours with 13C6-4HB in YPGal + 0.1% Dextrose liquid media.  The expanded y axis in the 

panel A inset demonstrates the levels of Q6 production in Rev-AL and Rev-BL.   Error bars, S.D. 

of n=3 biological replicates (unpaired Student’s t test between all strains compared to WT, with 

statistical significance represented by: *p<0.05, **p<0.005, ***p<0.0005). “ND” indicates lipids 

levels that were non-detectable and lower than background in the indicated strains. Results are 

shown for three independent biological replicate experiments. 
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Fig 10. Amounts of indicator Coq polypeptides in mitochondria isolated from Rev-CL are 

restored to near WT levels.   Levels of Coq4, Coq7, Coq8, and Coq9 polypeptides were 

determined by SDS-PAGE and immunoblotting. Samples were separated on 12% SDS-PAGE gels 

and then transferred to PVDF membranes for immunoblotting with antisera to the designated yeast 

Coq polypeptides. 25 µg of purified mitochondria was analyzed for each strain. Arrows indicate 

each antibody-detected protein in their respective blots; a coq null strain in each respective Coq 

polypeptide blot was used as a reference for the absence of the desired band of interest.  Blots were 

performed two times each. The Mdh1 blot serves to validate the samples used in all the blots; the 

samples that were loaded in the Mdh1 blot are those of the same preparation as used for the Coq4, 

Coq7, Coq8, and Coq9 blots.  
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Fig 11. Model for the restoration of Q6 biosynthesis in three revertants.  A, Under conditions 

of Coq8 expression in wild-type yeast, benchmark values of Q6 production are noted and the wild-

type amounts of key Coq polypeptides (Coq4, Coq7, Coq8, and Coq9) are defined. B, the yeast 

coq8Δ mutant lacks Q6, has a lower content of the Coq7 polypeptide, the Coq4, Coq8, and Coq9 

polypeptides are not detectable, and the early intermediate HHB accumulates. C, the yeast mutant 

expressing the Coq8-A197V polypeptide lacks Q6, has a lower content of the Coq7 polypeptide, 

the Coq4 and Coq9 polypeptides are not detectable, and the early intermediate HHB accumulates. 
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D, The dominant Rev-CL revertant restores Q6 production and the stability of the Coq4, Coq7 and 

Coq9 polypeptides. E, The recessive Rev-AL revertant has partially restored Q6 biosynthesis. 

However, amounts of the Coq4 and Coq9 polypeptides are low and this results in greatly impaired 

synthesis of Q6. F, The recessive Rev-BL revertant exhibits very low levels of Q6 biosynthesis, 

and has dramatically decreased content of the Coq4 and Coq9 polypeptides, even though Coq8 

and Coq7 polypeptides remain readily detectable.  
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