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Coenzyme Q supplementation or over-expression of the yeast 
Coq8 putative kinase stabilizes multi-subunit Coq polypeptide 
complexes in yeast coq null mutants*

Cuiwen H. He, Letian X. Xie, Christopher M. Allan, UyenPhuong C. Tran1, and Catherine F. 
Clarke
Department of Chemistry and Biochemistry and the Molecular Biology Institute, University of 
California, Los Angeles, CA 90095-1569

Abstract

Coenzyme Q biosynthesis in yeast requires a multi-subunit Coq polypeptide complex. Deletion of 

any one of the COQ genes leads to respiratory deficiency and decreased levels of the Coq4, Coq6, 

Coq7, and Coq9 polypeptides, suggesting that their association in a high molecular mass complex 

is required for stability. Over-expression of the putative Coq8 kinase in certain coq null mutants 

restores steady-state levels of the sensitive Coq polypeptides and promotes the synthesis of late-

stage Q-intermediates. Here we show that over-expression of Coq8 in yeast coq null mutants 

profoundly affects the association of several of the Coq polypeptides in high molecular mass 

complexes, as assayed by separation of digitonin extracts of mitochondria by two-dimensional 

blue-native/SDS PAGE. The Coq4 polypeptide persists at high molecular mass with over-

expression of Coq8 in coq3, coq5, coq6, coq7, coq9, and coq10 mutants, indicating that Coq4 is a 

central organizer of the Coq complex. Supplementation with exogenous Q6 increased the steady-

state levels of Coq4, Coq7, Coq9, and several other mitochondrial polypeptides in select coq null 

mutants, and also promoted the formation of late-stage Q-intermediates. Q supplementation may 

stabilize this complex by interacting with one or more of the Coq polypeptides. The stabilizing 

effects of exogenously added Q6 or over-expression of Coq8 depend on Coq1 and Coq2 

production of a polyisoprenyl intermediate. Based on the observed interdependence of the Coq 

polypeptides, the effect of exogenous Q6, and the requirement for an endogenously produced 

polyisoprenyl intermediate, we propose a new model for the Q-biosynthetic complex, termed the 

CoQ-synthome.
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1. Introduction

Coenzyme Q (ubiquinone, CoQ or Q)1 is a lipid composed of a fully substituted 

benzoquinone ring and a polyisoprenyl chain, which contains six isoprene units in 

Saccharomyces cerevisiae (Q6), eight in Escherichia coli (Q8), and ten in humans (Q10) [1]. 

Q is an electron carrier in the mitochondrial respiratory chain, and is essential in cellular 

energy metabolism [2]. The oxidized quinone (Q) accepts electrons from NADH via 

complex I, or succinate via complex II, and the reduced hydroquinone (QH2) donates 

electrons to cytochrome c via complex III. Instead of complex I, S. cerevisiae rely on the 

much simpler NADH:Q oxidoreductases that oxidize NADH external to the mitochondria 

(Nde1 and Nde2), or inside the matrix (Ndi1) [3]. In mammalian mitochondria Q functions 

to integrate the respiratory chain with many aspects of metabolism by serving as an electron 

acceptor for glycerol-3-phosphate, dihydroorotate, choline, sarcosine, sulfide, and several 

amino acid and fatty acylCoA dehydrogenases [4, 5]. QH2 also functions as a crucial lipid-

soluble antioxidant [6] and decreased levels of Q are associated with mitochondrial, 

cardiovascular, kidney and neurodegenerative diseases [7–11]. A better understanding of the 

enzymatic steps and organization of the polypeptides and cofactors required for Q 

biosynthesis will aid efforts to determine how the content of this important lipid can be 

regulated for optimal metabolism and health.

Q biosynthesis in S. cerevisiae requires at least eleven proteins, Coq1-Coq9, Arh1, and Yah1 

(Fig. 1) [12–14]. Yeast mutants lacking any of the Coq1-Coq9 polypeptides are respiratory 

deficient due to the lack of Q. The Coq1 polypeptide synthesizes the hexaprenyl diphosphate 

tail, and Coq2 attaches the tail to either 4-hydroxybenzoic acid (4HB) or para-aminobenzoic 

acid (pABA); both are used as aromatic ring precursors in the biosynthesis of Q in yeast [13, 

15]. The other Coq polypeptides catalyze ring modification steps including O-methylation 

(Coq3), C-methylation (Coq5), or hydroxylation (Coq6 and Coq7). Coq6 requires ferredoxin 

(Yah1) and ferredoxin reductase (Arh1), which presumably serve as electron donors for the 

ring hydroxylation step [13, 16]. Coq4, Coq8, and Coq9 polypeptides are essential for Q 

biosynthesis but their functional roles are not yet completely understood. In the Q-

biosynthetic pathway proceeding from pABA, Coq9 is required for the replacement of the 

ring amino substituent with a hydroxyl group, although it remains uncertain exactly how this 

step is carried out [17].

1The abbreviations used are: 4-AP, 3-hexaprenyl-4-aminophenol; Coq1, the Coq1 polypeptide; COQ1, designates the wild-type gene 
encoding the Coq1 polypeptide; coq1, designates a mutated gene; DDMQ6, the oxidized form of demethyl-demethoxy-Q6H2; DMQ6, 
demethoxy-Q6; DMQ6H2, demethoxy-Q6H2; 4- HB, 4-hydroxybenzoic4-hydroxybenzoic acid (4HB) or para-aminobenzoic acid 
(pABA) acid; HAB, 3- hexaprenyl-4-aminobenzoic acid; HHAB, 3-hexaprenyl-4-amino-5-hydroxybenzoic acid; HHB, 3- 
hexaprenyl-4-hydroxybenzoic acid; HMAB, 3-hexaprenyl-4-amino-5-methoxybenzoic acid; 4-HP, 3- hexaprenyl-4-hydroxyphenol; 
IDMQ6, 4-imino-demethoxy-Q6; MRM, multiple reaction monitoring; pABA, para-aminobenzoic acid; Q, ubiquinone or coenzyme 
Q; Q6H2, ubiquinol or coenzyme Q6H2; RPHPLC- MS/MS, Reverse phase-high performance liquid chromatography-tandem mass 
spectrometry; START, steroidogenic acute regulatory protein-related lipid transfer.
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Both genetic and physical evidence indicate that a multi-subunit Coq polypeptide complex is 

essential for Q biosynthesis [12, 18–20]. Deletion of any one of the COQ genes in S. 

cerevisiae leads to destabilization of several other Coq polypeptides; the levels of Coq4, 

Coq6, Coq7, and Coq9 polypeptides are significantly decreased in each of the coq1-coq9 

null mutant yeast strains [20]. Although steady-state levels of the Coq3 polypeptide were 

also found to be decreased [20], Coq3 levels in mitochondria isolated from the coq4-coq9 

null mutants were shown to be preserved in subsequent studies performed in the presence of 

phosphatase and protease inhibitors [17, 21]. As a result of the interdependence of the Coq 

polypeptides, coq3-coq9 null mutant yeast accumulate only the early intermediates 3-

hexaprenyl-4-hydroxybenzoic acid (HHB) and 3-hexaprenyl-4-aminobenzoic acid (HAB), 

produced by the prenylation of 4HB and pABA, respectively (Fig. 1) [17]. Whereas each of 

the coq null mutants lacks the designated Coq polypeptide [20], several coq mutants 

harboring certain amino acid substitution mutations show a less drastic block in Q 

biosynthesis as compared to coq null mutants. For example, certain coq7 point mutants 

retain steady-state levels of the Coq7 polypeptide and accumulate demethoxy-Q6 (DMQ6), a 

late-stage Q-intermediate missing just one methoxy group [22, 23]. Some of the Coq 

polypeptides physically interact – biotinylated Coq3 co-purifies with Coq4 [18], and Coq9 

tagged with the hemagglutinin epitope co-purifies with Coq4, Coq5, Coq6, and Coq7 

polypeptides [20]. These studies were performed with digitonin-extracts of purified 

mitochondria. In such extracts the O-methyltransferase activity of Coq3 co-eluted with 

several of the other Coq polypeptides as high molecular mass complexes as determined by 

gel-filtration and by blue-native polyacrylamide gel electrophoresis (BN-PAGE) [18–21]. 

Indeed, the ability of Coq4 to organize high molecular mass complexes including Coq3 were 

shown to be essential for Q biosynthesis [19].

Several lines of evidence suggest that the Coq polypeptides and the multi-subunit Q-

biosynthetic complex appear to be influenced by phosphorylation, either directly or 

indirectly due to Coq8. Coq8 (originally identified as Abc1) is a member of an ancient 

atypical kinase family [24]. Coq8/Abc1 homologs are required for Q biosynthesis in E. coli 

[25], yeast [26, 27], and humans [28, 29]. There is conservation of function as plant and 

human homologs of Coq8 are able to restore Q biosynthesis in yeast coq8 mutants [30, 31]. 

Conserved kinase motifs present in Coq8 are essential for maintenance of Q content [28, 29, 

31], for the phosphorylation of Coq3, Coq5, and Coq7 polypeptides [21, 31], and the 

association of Coq3 with a high molecular mass Coq polypeptide complex [21]. Collectively 

these studies suggest that maintenance or assembly of the Q-biosynthetic complex and 

phosphorylated forms of Coq3, Coq5, and Coq7 polypeptides depend on the presence of 

intact kinase motifs present in Coq8. However, it is important to note that kinase activity has 

not been demonstrated directly for yeast Coq8, or for the Coq8 homologs in prokaryotes, 

plants, or animals. Thus substrates of Coq8 have yet to be identified. In fact, there is 

evidence that phosphorylation may negatively regulate yeast Coq7 [32]. Moreover, recent 

work identified yeast Ptc7 as a mitochondrial phosphatase recognizing Coq7 and indicated 

that Ptc7 is required for optimal Q6 content and function [33]. Thus although it appears that 

kinases and phosphatase activities modulate Q6 biosynthesis and function in yeast, the 

role(s) played by Coq8 remain to be determined.
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The content of Coq8 profoundly influences Q biosynthesis in S. cerevisiae. Over-expression 

of Coq8 was shown to restore synthesis of DMQ6 in coq7 null mutant yeast [17, 34], 

suggesting the functional restoration of the Coq polypeptides up to this penultimate step of 

Q biosynthesis. In fact over-expression of Coq8 in the coq3 and coq5 null mutants restored 

steady-state levels of the Coq4, Coq6, Coq7, and Coq9 polypeptides [17, 35]. Similarly, 

over-expression of Coq8 in the coq3-coq9 null mutants restored steady-state levels of the 

unstable Coq polypeptides and resulted in the accumulation of late-stage Q-intermediates 

[17]. For example, over-expression of Coq8 in the coq5 null mutant led to the synthesis of a 

late-stage Q intermediate diagnostic of the blocked C-methylation step 

(demethyldemethoxy-Q6, DDMQ6) (Fig. 1) [17]. These results suggest a model whereby the 

over-expression of Coq8 stabilizes the remaining component Coq polypeptides, and allows 

the formation of high molecular mass Coq complexes.

A growing body of evidence indicates that Q or certain polyisoprenylated Q-intermediates 

also associate with the Q-biosynthetic complex. It was shown that DMQ6 co-elutes with 

Coq3 O-methyltransferase activity and high molecular mass Coq polypeptide complexes 

during size exclusion chromatography of digitonin extracts of mitochondria [18]. Yeast coq7 

null mutants cultured in the presence of exogenous Q6 were able to synthesize DMQ6, and 

steady-state levels of Coq4 polypeptides were restored, indicating that the presence of Q6 

itself may stabilize the Coq polypeptide complexes [23, 34]. Over-expression of Coq8 has 

no effect on either the coq1 or coq2 null mutants [17], which lack the ability to synthesize 

polyisoprenylated ring intermediates. This indicates that a polyisoprenylated component is 

essential for complex formation. Indeed, expression of diverse polyprenyl-diphosphate 

synthases, derived from prokaryotic species that do not synthesize Q, rescue Q synthesis in 

yeast coq1 null mutants, and restore steady-state levels of the sensitive Coq polypeptides, 

including Coq4 and Coq6 [36]. Thus, exogenously supplied Q, or a polyisoprenylated Q-

intermediate is postulated to interact with the complex and/or may stabilize certain of the 

Coq polypeptides.

Recent evidence suggests that the interaction between the Coq10 polypeptide and Q is 

essential for the function of Q in respiration and for efficient de novo synthesis of Q [37–

39]. Respiration in mitochondria isolated from yeast coq10 mutants can be rescued by the 

addition of Q2, a soluble analog of Q6. This is considered to be a hallmark phenotype of the 

yeast coq mutants unable to synthesize Q6. However, unlike the coq1-coq9 mutants, yeast 

coq10 mutants retain the ability to synthesize Q6, although its synthesis as measured with 

stable isotope-labeled ring precursors is less efficient [38]. The defects in Q respiratory 

function and de novo synthesis in the coq10 mutant are rescued by human [37] or 

Caulobacter crescentus orthologs of Coq10 [38]. Structural determination of the C. 

crescentus Coq10 ortholog CC1736 identified a steroidogenic acute regulatory protein-

related lipid transfer (START) domain [40]. The START domain forms a hydrophobic 

binding pocket and family members have been shown to bind sterols, phospholipids and 

other hydrophobic ligands. START domain proteins function as transporters and/or act as 

sensors of lipid ligands that regulate lipid metabolism and signaling [41, 42]. The CC1736 

START domain protein binds Q10, Q6, Q3, Q2 and DMQ3, but not ergosterol or a 
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farnesylated analog of HHB [38]. Thus, the Coq10 START polypeptide binds Qn isoforms 

and facilitates both de novo Q biosynthesis and respiratory electron transport.

In this study we examine the sub-mitochondrial localization of the yeast Coq polypeptides, 

and determine the effects of over-expression of COQ8 on the high molecular mass Coq 

polypeptide complexes in the coq1-coq10 null mutants. The effects of Q supplementation on 

Coq polypeptide steady-state levels and the accumulation of Q-intermediates are also 

determined in each of the coq null mutants. The findings suggest that over-expression of 

Coq8 or Q6 supplementation enhances the formation or maintenance of the Coq polypeptide 

complexes and are integrated into a new model of Q-biosynthesis.

2. Materials and Methods

2.1 Yeast strains and plasmids

S. cerevisiae strains used in this study are listed in Table 1. Growth media for yeast were 

prepared as described [43], and included YPD (1% yeast extract, 2% peptone, 2% dextrose), 

YPGal (1% yeast extract, 2% peptone, 2% galactose, 0.1% dextrose) and YPEG (1% yeast 

extract, 2% peptone, 2% ethanol and 3% glycerol). Yeast were transformed with lithium 

acetate as described [44]. Transformed yeast strains were selected and maintained in SD

−Ura (selective synthetic medium with 2% dextrose lacking uracil) [43], modified as 

described [45]. The p4HN4 plasmid used in this study (hcCOQ8) contains the COQ8 gene in 

pRS426, a multi-copy yeast shuttle vector [46].

2.2 Mitochondrial isolation and immunoblot analyses with JM43 yeast

Yeast were cultured in YPGal medium (30 °C, 250 rpm) to an absorbance (A600nm) of 2–4. 

Preparation of spheroplasts and fractionation of cell lysates were performed as described 

[47]. Crude mitochondria were isolated and further purified over a linear Nycodenz gradient 

as described previously [48]. Protein concentrations were determined with the bicinchoninic 

acid assay (Thermo). Indicated amounts of protein from the Nycodenz-purified 

mitochondrial fractions were analyzed by electrophoresis (SDS-PAGE) on 12% acrylamide, 

2.5 M urea, Tris/glycine gels, then transferred to Hybond ECL Nitrocellulose (Amersham 

Biosciences). Subsequent immunoblot analyses and treatment of membranes for detection of 

antibodies were as described [49]. Primary antibodies to yeast mitochondrial polypeptides 

(Table 2) were used at the following concentrations: Coq1, 1:10,000; Coq2, 1:1000; Coq3, 

1:1000; Coq4, 1:2000; Coq5, 1:5000; Coq6, 1:500; Coq7, 1:1000; affinity purified Coq8, 

1:100; the beta subunit of F1-ATPase complex (Atp2), 1:4000; cytochrome b2 (Cytb2) 

1:5000; cytochrome c (Cytc), 1:10,000; cytochrome c1 (Cytc Heat shock protein 60 (Hsp60), 

1:10,000. Goat anti-rabbit and goat anit-mouse secondary antibodies conjugated to 

horseradish peroxidase (Calbiochem) were each used at a 1: 10,000 dilution.

2.3 Sub-mitochondrial localization of Coq2 and Coq7 polypeptides

Mitochondria from JM43 yeast (3 mg protein, 150 µl) were suspended in five volumes of 

hypo-osmotic buffer (20 mM HEPES-KOH, pH 7.4), and incubated on ice for 30 min. The 

mixture was then centrifuged at 18,000 × g for 20 min at 4 °C to separate the intermembrane 

space components (supernatant) from the mitoplasts (pellet), as described [50]. Mitoplasts 
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were then sonicated (four 20-s-pulses on ice slurry, 20% duty cycle, 2.5 output setting; 

Sonifier W350, Branson Sonic Power Co.), then centrifuged at 100,000 × g for 1 h at 4 °C to 

generate matrix (supernatant) and membrane (pellet) fractions. Alternatively, mitoplasts 

were subjected to alkaline carbonate extraction [51], and the mixture was then centrifuged at 

100,000 × g for 1 h at 4 °C to separate the integral membrane components (pellet) from the 

peripheral membrane and matrix components (supernatant). Equal aliquots of Nycodenz-

purified mitochondria, untreated mitoplasts, pellet and supernatant fractions from either 

sonication or alkaline carbonate extraction, and intermembrane space components were 

subjected to SDS-PAGE analysis followed by immunoblot analyses.

Proteinase K treatment of mitochondria was performed as described [52] with some 

modifications. Proteinase K was added from a freshly made concentrated stock solution (10 

mg/ml) to mitochondria suspended in buffer C (0.6 M sorbitol, 20 mM HEPES-KOH, pH 

7.4) (0.3 mg protein/ml) to a final concentration of 100 µg/ml. For treatment of mitoplasts, 

proteinase K was prepared in the hypo-osmotic buffer (20 mM HEPES-KOH, pH 7.4). 

When required, Triton-X100 or SDS were added to final concentration (w/v) of 1% or 0.5%, 

respectively, and incubated for 30 min at 4 °C. PMSF was added to inactivate the proteinase, 

followed by the addition of trichloroacetic acid (TCA; 60 °C) to a final concentration of 

20%. The TCA pellets were subsequently collected by centrifugation and resuspended in 

Thorner buffer [53]; equal aliquots were processed for electrophoresis as described above.

2.4 Salt-wash treatments of sonicated mitoplasts

Salt-wash treatments were performed as described previously [54] with some modifications. 

Equal volumes of sonication buffer (as a no salt control) or sonication buffer containing 

either KCl or NaCl were added to sonicated mitoplasts to final concentrations of 0.5 M or 

1.0 M for KCl, and 0.5 M for NaCl. The samples were incubated on ice for 15 min, followed 

by centrifugation at 100,000 × g for 1 h at 4 °C to separate the membrane associated 

components (pellet) from the soluble components (supernatant). Equal aliquots of starting 

mitochondria, unsonicated mitoplasts, intermembrane space components, membrane pellet, 

and supernatant fractions from salt-wash treatments of the sonicated mitoplasts were 

subjected to SDS-PAGE separation followed by immunoblot analyses.

2.5 Mitochondrial isolation and digitonin solubilization of W303 and BY4741 yeast strains

Yeast cultures were grown to an A600nm of 3–4 in YPGal media, and crude mitochondria 

were isolated from a total volume of 1.8 L of culture as described above. Crude 

mitochondria were further purified with an Optiprep discontinuous iodixanol gradient, and 

were collected from the interface of the gradient after ultracentrifugation. Briefly, the crude 

mitochondrial pellet was resuspended in 3 ml of Solution C. Solution C was prepared by 

adding 2 volumes of OptiPrep (60% w/v iodixanol; Sigma-Aldrich) to 1 volume of 0.8 M 

sorbitol, 60 mM HEPES-KOH, pH 7.4. Solutions of ρ (density) = 1.10 and 1.16 g/ml were 

prepared by mixing Solution C with Solution D (3 + 7 and 6.25 + 3.75, v/v respectively). 

Solution D contains 0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.4. In centrifuge tubes, 3 ml 

of crude mitochondria suspended in Solution C was layered at the bottom of a 14 × 89 mm 

Ultra-Clear centrifuge tube (Beckman), followed by 4.5 ml of the ρ =1.16 g/ml iodixanol 

solution, and finally 4.5 ml of the ρ = 1.10 g/ml iodixanol solution was layered on top. 
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Tubes were subjected to centrifugation (80,000 × g for 3 h, 4 °C). The band of mitochondria 

was collected and washed with 10 volumes of solution D. Purified mitochondria were 

harvested by centrifugation at 12,000 × g for 10 min, 4 °C, and were resuspended in 1 ml of 

solution D, and stored at −80 °C. Aliquots of purified mitochondria (200 µg), were 

solubilized in 50 µl of 1.6% digitonin, 1 × protease inhibitor EDTA-free (Roche), 1:100 

phosphatase inhibitor cocktail sets I and II (Calbiochem), 1 × NativePAGE sample buffer 

(Invitrogen), and mitochondria suspension buffer (0.6 M sorbitol, 20 mM HEPES-KOH, pH 

7.4). Samples were incubated on ice for 1 h with mixing by pipetting up and down every 20 

min. The soluble supernatant fraction was separated from the insoluble pellet by 

centrifugation in a Beckman Airfuge (100,000 × g, 10 min, chilled rotor).

2.6 Rescue of coq mutants with exogenous Q6

Medium containing a final concentration of 10 µM Q6 was prepared with a 6.54 mM Q6 

stock in ethanol; vehicle control medium contained an equivalent volume of added ethanol 

(1.5 µl/ml). Both Q6-supplemented (+Q6) and unsupplemented (−Q6) YPD were sterile 

filtered. Designated wild-type W3031B or coq null mutants were grown in 20 ml YPD 

overnight and diluted to 0.1 A600nm in 18 ml of (+Q6) or (−Q6) YPD. Yeast cells were 

grown at 30 °C for 42 h. Cells (30 A600nm) were centrifuged for lipid extraction and 145 

pmol Q4 was added to each cell pellet as an internal standard prior to lipid extraction. Yeast 

pellets were washed twice with distilled water before lipid extraction. Lipid extracts were 

analyzed by RP-HPLC-MS/MS [17]. Data were processed with Analyst version 1.4.2 

software (Applied Biosystems). Cells (10 A600nm) were collected by centrifugation for 

protein extraction as described [55]. Aliquots (corresponding to 1.3 A600nm) of yeast whole 

cell lysates were separated by SDS-PAGE on 10% acrylamide gels followed by immunoblot 

analyses as described below.

To determine de novo synthesis of 13C6-DMQ6 in the coq7 null mutant strain in the 

presence or absence of exogenous Q6, cells were diluted to 0.1 A600nm in 18 ml of Q6-

supplemented (+Q6) or unsupplemented (−Q6) YPD. Media also contained 10 µg/

ml 13C6-4HB. Incubations proceeded for 42 h, and cell pellets were processed by lipid 

extraction and RP-HPLC-MS/MS as described above.

2.7 Two-dimensional Blue Native/SDS-PAGE and immunoblot analyses

Protein concentrations of purified mitochondria were determined by the bicinchoninic acid 

assay (Thermo). NativePAGE 5% G-250 sample additive (Invitrogen) was added to the 

supernatant from 200 µg of digitonin-solubilized mitochondria (50 µl) to a final 

concentration of 0.1%. BN-PAGE was performed as described in Native PAGE user manual 

with NativePAGE 4–16% Bis-Tris gel 1.0 mm × 10 wells (Invitrogen). First dimension gel 

slices were soaked in 65 °C 2 × SDS sample buffer for 10 min before loading onto pre-cast 

10% SDS-polyacrylamide gels. Proteins were transferred to Immobilon-P transfer 

membrane (Millipore), and blocked in 1% skim milk, phosphate-buffered saline, 0.1% 

Tween-20 (phosphate buffered saline is composed of 0.14 M NaCl, 1.2 mM NaH2PO4, and 

8.1 mM Na2HPO4). Membranes were treated with the following primary antibodies (Table 

2) at the dilution indicated: Coq4, 1:250; Coq7, 1:1000; Coq9, 1:1000; porin, 1:1000. 
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Secondary antibodies were goat anti-rabbit IgG H&L chain specific peroxidase conjugate 

(Calbiochem).

3. Results

3.1 Sub-mitochondrial localization of Coq2 and Coq7 polypeptides

According to earlier studies [50, 56], the yeast Coq2 and Coq7 proteins both reside in 

mitochondria. However, the sub-mitochondrial localization of these proteins (in their 

untagged forms) was not determined. To determine the sub-mitochondrial localizations of 

Coq2 and Coq7, yeast mitochondria were further fractionated as described in Experimental 

Procedures. Purified mitochondria were treated with hypotonic buffer, resulting in the 

disruption of the outer membrane and subsequent release of soluble components of the 

intermembrane space while keeping the inner membrane intact. Immunoblot analyses of the 

sub-mitochondrial fractions indicated that Coq2 and Coq7 polypeptides associated with the 

pellet (mitoplast fraction) and did not co-localize with cytochrome b2 (Cytb2), the 

intermembrane space marker (Fig. 2A).

Mitoplasts were further fractionated either by sonication, releasing soluble matrix 

components into the supernatant following high speed centrifugation, or by extraction with 

alkaline carbonate, which releases peripherally bound membrane proteins into the 

supernatant [57]. Sonication treatment partially dissociated Hsp60, the matrix marker [58], 

however, neither Coq2 nor Coq7 were released from the membrane/pellet fraction (Fig. 2A). 

Coq7 was released into the supernatant by alkaline carbonate extraction in a manner similar 

to Atp2, a peripheral inner membrane protein [59], while Coq2 remained in the pellet, along 

with Cytc1 an integral membrane marker [60]. These results indicated that Coq2 is an 

integral membrane protein while Coq7 behaves as a peripheral membrane protein.

To further characterize the membrane association of Coq2 and Coq7 proteins, purified 

mitochondria or mitoplasts were treated with Proteinase K in the absence and presence of 

detergent (1% Triton X-100 or 0.5% SDS). The results (Fig. 2B) showed that Coq2, Coq7, 

and Hsp60 polypeptides, were protected from the protease both in intact mitochondria and in 

mitoplasts. As expected, detergent treatment of either mitochondria or mitoplasts rendered 

all proteins protease-sensitive. The results indicate both Coq2 and Coq7 polypeptides are 

inner membrane proteins facing the matrix side in yeast mitochondria.

3.2 Coq2 is resistant to salt extraction while other Coq polypeptides are sensitive

The above sub-mitochondrial localization results indicated that Coq7 is a peripheral 

membrane protein. However, modeling studies have predicted Coq7 to be an interfacial 

inner mitochondrial membrane protein [61, 62]. Interfacial membrane proteins, such as 

prostaglandin synthase [63] and squalene cyclase [64], are embedded in the membrane via 

interaction with only one leaflet of the bilayer. To distinguish between a peripheral and an 

interfacial membrane association for Coq7, salt extraction analyses (with 0.5 M KCl, 1.0 M 

KCl, or 0.5 M NaCl) were performed on sonicated mitoplasts prepared as described above. 

The resulting mixtures were subsequently separated into supernatant and pellet (membrane 

associated) fractions via high-speed centrifugation. Western blot analysis of the fractions 

He et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 3) showed that Coq7 and each of the Coq polypeptides, except for Coq2, were partially 

released from the membrane following the addition of salt. Interestingly, the degree of 

dissociation of these proteins depended on salt concentration and not its identity per se, KCl 

versus NaCl. In contrast, Coq2 and the integral membrane marker, Cytc1, were resistant to 

salt extraction and thus remained in the membrane fraction. Cytochrome c, which 

peripherally attaches to the inner mitochondrial membrane through electrostatic interactions 

with fatty acids and acidic phospholipids [65], was released from the sonicated mitoplasts 

following salt addition, as expected. These results provide further support for the sub-

mitochondrial localization data indicating that yeast Coq7 is a peripheral membrane protein 

on the matrix side as are Coq1, Coq3, Coq4, Coq5, Coq6, Coq8, and Coq9 polypeptides [20, 

31, 36, 49, 66–68].

3.3 The Coq4 and Coq9 polypeptides are sensitive indicators of the Coq polypeptide Q-
biosynthetic complexes – and over-expression of COQ8 stabilizes these complexes in 
certain coq null mutants

The co-localization of the Coq polypeptides with the mitochondrial inner membrane is 

consistent with their interaction in Q-biosynthetic complexes. The yeast Coq4 and Coq9 

polypeptides co-purify with other Coq polypeptides and both migrate at high molecular 

mass in separation of digitonin extracts of mitochondria [18–21]. Thus, we used the Coq4 

and Coq9 polypeptides as sensitive indicators of the state of the high molecular mass Coq 

complexes. Mitochondria from wild type and coq null mutant yeast were purified, 

solubilized with digitonin, separated by two-dimensional blue native/SDS PAGE, and 

antibodies against Coq4 and Coq9 were used to detect their presence. In digitonin extracts of 

wild-type mitochondria, Coq4 and Coq9 polypeptides are detected in several high molecular 

mass complexes (from 669 to >880 kDa) (Fig. 4). The Coq4 and Coq9 polypeptides are also 

detected at lower molecular mass (66 – 440 kDa), perhaps indicating their presence in 

partial-or distinct sub-complexes. In contrast, Coq4 and Coq9 were not detected in digitonin 

extracts of mitochondria isolated from coq3, coq4, coq5, or coq7 null mutant strains (Figs. 4 

and 5). In each of the coq3-coq9 null mutant strains, the lack of one of the Coq polypeptides 

is thought to destabilize the Coq polypeptide complex, and the mutants accumulate only the 

early Q-intermediates HHB and HAB, generated from the aromatic ring precursors 4HB and 

pABA, respectively (Figs. 1, 4and 5). In contrast, the Coq4 and Coq9 polypeptides are 

detected at high molecular mass in the coq6 null mutant, and the Coq4 polypeptide is 

detected in the coq9 null mutant (Fig. 5). These observations are consistent with the 

presence of steady state levels of these polypeptides noted previously in these two null 

mutants [17]. Schematics showing possible interactions between the Coq polypeptides are 

depicted in Figs. 4 and 5.

The over-expression of Coq8, a putative kinase, has dramatic effects on the phenotypes of 

the coq null mutants. Over-expression of Coq8 restores steady state levels of several of the 

Coq polypeptides, and enables the synthesis of late-stage Q-intermediates in several of the 

coq null mutants [17]. To investigate whether over-expression of Coq8 stabilizes high 

molecular mass Coq polypeptide complexes, mitochondria were prepared from coq null 

mutant yeast over-expressing Coq8, and digitonin extracts were separated by two-

dimensional blue native/SDS PAGE. We were particularly interested in examining the high 
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molecular mass complexes in the coq3 and coq4 mutants, because over-expression of Coq8 

stabilizes the Coq6, Coq7, and Coq9 polypeptides, yet the coq3 and coq4 mutants persist in 

accumulating early Q-intermediates. Over-expression of Coq8 in the coq3 mutant restored 

Coq4 and Coq9 polypeptides to both high and low molecular mass complexes (440–880 kDa 

and 66 kDa) (Fig. 4), yet only early-stage intermediates HHB (with 4-HB as precursor) and 

HAB (with pABA as precursor) were detected in this strain [17]. Over-expression of Coq8 

in the coq4 null mutant restored the presence of the Coq9 polypeptide, although it was 

detected in only a low molecular mass complex (66 kDa) (Fig. 4); under these conditions, 

HHAB is detected (Fig. 1) [17], indicating the presence of functional Coq6. These results 

indicate that although over-expression of Coq8 stabilizes Coq6, Coq7 and Coq9 

polypeptides in the coq4 mutant, in the absence of the Coq4 polypeptide, a high molecular 

mass complex is not observed, and HHAB is the only novel Q-intermediate detected. 

Conversely, although the over-expression of Coq8 in the coq3 mutant restores high 

molecular mass complexes of Coq4 and Coq9, this does not appear to result in production of 

new Q-intermediates.

The effects of Coq8 over-expression on the native molecular mass of the Coq4 and Coq9 

polypeptides were also studied in the coq5, coq6, coq7, and coq9 null mutants. Over-

expression of Coq8 restored the Coq4 and Coq9 polypeptides to several high and low 

molecular mass complexes in the coq5 and coq6 null mutants (Fig. 5). Over-expression of 

COQ8 restored the Coq4 polypeptide to a high molecular mass complex and the Coq9 

polypeptide to a low molecular mass complex in the coq7 null yeast mutant (Fig. 5). In the 

coq5, coq6 and coq7 null mutants, over-expression of Coq8 enables synthesis of late-stage 

Q-intermediates: coq5 null mutant accumulates DDMQ6, coq6 null accumulates 4-HP (with 

4-HB as precursor) and 4-AP (with pABA as precursor), and coq7 null accumulates DMQ6 

[17]. Coq4 steady-state levels decrease dramatically in the coq9 null mutant, but a small 

amount of Coq4 is detected near 669 kDa. Over-expression of COQ8 in the coq9 null 

mutant has only mild effects on Coq4 steady-state levels [17], but Coq4 is present at a 

higher molecular weight (around 800 kDa) (Fig. 5). The coq9 null mutant harboring multi-

copy Coq8 accumulates 4-HP and DMQ6 (with 4-HB as precursor) and 4-AP and IDMQ6 

(with pABA as precursor)[17]. These results indicate that over-expression of COQ8 

stabilizes Coq polypeptide complexes in several of the coq null mutants.

3.4 Over-expression of COQ8 enhances Coq4 and Coq9 levels in a coq10 null mutant

Previous work showed that steady-state levels of Coq4, Coq6, Coq7, and Coq9 polypeptides 

were decreased in the coq10 null mutant [20]. Although the coq10 null mutant produces Q6, 

the rate of de novo Q6 biosynthesis is decreased relative to that of wild-type yeast [38]. 

Moreover, the respiratory defect and Q6 de novo biosynthesis in the coq10 mutant is rescued 

by over-expression of COQ8 [37, 38]. Over-expression of COQ8 enhances steady-state 

levels of Coq4 and Coq9 in the coq10 null mutant (Fig. 6A). While both Coq4 and Coq9 are 

detected in high molecular mass complexes in the coq10 null mutant, over-expression of 

COQ8 appears to increase the association of Coq4 with the complex (Fig. 6B).
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3.5 Q6 supplementation changes steady-state levels of certain Coq polypeptides and 
promotes accumulation of late-stage Q-intermediates in certain coq null mutants

Exogenous Q6 has been shown to rescue the growth of the S. cerevisiae coq2, coq3, coq5, 

coq7, coq8, coq9, and coq10 null mutants on media containing non-fermentable carbon 

sources [12, 26, 37, 50, 69]. We were able to rescue the growth of each of the coq1-coq9 

null mutants on YPEG medium containing ethanol and glycerol as non-fermentable carbon 

sources, with the addition of 2 µM Q6 to the medium (data not shown). To determine the 

effect of exogenous Q6 on the Coq polypeptide levels, each of the coq1-coq9 null mutants 

was cultured in YPD in the presence or absence of exogenous Q6. For these experiments 

YPD medium was chosen because growth of the coq null mutants in the absence of Q6 is 

supported by dextrose. Previous studies indicate that both plasma membrane and 

mitochondrial Q6 content in coq7 null mutant (W303 genetic background) were increased 

when cultured in YPD supplemented with 2 µM Q6 [70]. Succinate-cytochrome c reductase 

activity also increased under these conditions, indicating exogenous Q6 restored activity in 

the mitochondrial respiratory chain [70]. The YPD medium was supplemented with 10 µM 

Q6, because this concentration is near optimal for restoration of growth [69]. Wild-type 

yeast and each of the coq null mutants in YPD were cultured in either the presence or 

absence of 10 µM Q6. The addition of Q6 does not appear to affect mitochondrial protein 

levels in wild-type yeast (Fig. 7). However, Q6 supplementation increases Coq9 polypeptide 

steady-state levels in coq3, coq4, coq6 and coq7 null mutants and increases Coq4 in coq3, 

coq6 and coq7 null mutants (Fig. 7). The most significant increases in Coq4, Coq7 and Coq9 

polypeptide levels were observed in the coq6 null mutant supplemented with Q6 (Fig. 7). In 

contrast, Q6 supplementation decreases steady-state levels of Coq1 in coq2-coq9 null 

mutants. To determine whether supplementation with Q6 affects other mitochondrial 

proteins, we investigated the steady-state levels of the beta subunit of the F1 sector of 

mitochondrial F1F0 ATP synthase (Atp2), malate dehydrogenase (Mdh1), and the Rieske 

iron-sulfur protein (Rip1) of the cytochrome bc1 complex. The addition of Q6 increases 

steady-state levels of Atp2, Mdh1 and Rip1 in each of the coq null mutants, suggesting that 

supplementation with Q6 may have general protective effects on mitochondria.

The effect of Q6 supplementation on Q intermediates was assessed in each of the coq null 

mutants. The coq3-coq9 null mutants accumulate only early stage intermediates HHB and 

HAB (Fig. 1). However, DMQ6 is produced in coq7 null mutants cultured in the presence of 

exogenous Q6 [34]. Here, we used HPLC with tandem mass spectrometry to detect Q6 

intermediates in lipid extracts of coq null mutants cultured in either the presence or absence 

of 10 µM exogenous Q6. We confirmed the accumulation of DMQ6 in the coq7 null mutant 

cultured in exogenous Q6 (Fig. 8). Since exogenous Q6 contains a small amount of 

DMQ6, 13C6-4HB was used to detect de novo synthesis of 13C6-DMQ6. A very small 

amount of 13C6-DMQ6 was detected in coq7 null mutant labeled with 13C6-4HB. (We note 

that DMQ6 is detectable in coq7 null mutant when lipid extracts are prepared from 30 

A600nm or more yeast and attribute this to the high sensitivity LC-MS/MS system). In the 

presence of 10 µM exogenous Q6, 13C6-DMQ6 accumulation increased significantly in coq7 

null mutant labeled with 13C6-4HB. 13C6-DMQ6 was identified by its retention time of 4.56 

min (the same as DMQ6), and a precursor-to-product ion transition of 567.0/173.0, 

consistent with the presence of the 13C6-ring (Fig. 8).
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In addition, exogenous Q6 led to an increased accumulation of 3-hexaprenyl-4-amino-5-

hydroxybenzoic acid (HHAB) in coq4 (Fig. 9A). This intermediate has a retention time of 

2.69 min and a precursor-to-product ion transition of 562.0/166.0 detected with multiple 

reaction monitoring (MRM). We have previously detected HHAB in lipid extracts of coq4-1 

mutants, harboring a point mutation [17]. Surprisingly, smaller but readily detectable 

amounts of HHAB (a product of the Coq6 step) were also detected in the coq6 mutant 

cultured with exogenous Q6 (Fig. 9B). In addition to HHAB, 4-AP increased significantly in 

the coq6 null mutant cultured with exogenous Q6 (Fig. 10A). 4-AP was identified by its 

retention time (2.88 min), precursor-to-product ion transition (518.5/162.2), and 

fragmentation spectrum (Fig. 10B). 4-AP has been shown to accumulate in certain coq6 

point mutants [16], and in coq6 and coq9 null mutants over-expressing Coq8 [17]. The 

addition of Q6 caused the accumulation of imino-demethoxy-Q6 (IDMQ6) in the coq9 null 

mutant (Fig. 11A). This intermediate has a retention time of 4.9 min and a precursor-to-

product ion transition of 560.5/166.1. Its identity is further confirmed by the fragmentation 

spectrum (Fig. 11B). In contrast, late-stage Q-intermediates were not detected in the other 

coq null mutants. Thus only coq4, coq6, coq7 and coq9 null mutants accumulate late-stage 

Q-intermediates upon the addition of Q6. These data indicate that Q6 stabilizes the Q-

biosynthetic complex and allows later Q-intermediates to accumulate.

4. Discussion

This study examined the location and organization of the yeast mitochondrial Q-biosynthetic 

complex. We found that over-expression of Coq8, an ancient atypical putative kinase, 

stabilizes the high molecular mass Coq polypeptide complex in several of the coq null 

mutants. Supplementation of growth medium with exogenous Q6 restored steady-state levels 

of Coq polypeptides and enhanced the production of late-stage Q-intermediates in certain 

coq null mutants. Based on the observed interdependence of the Coq polypeptides, the effect 

of exogenous Q6, and the requirement for an endogenously produced polyisoprenyl 

intermediate (summarized in Table 3), we propose a new model for the CoQ-synthome, a 

Coq multi-subunit polypeptide and lipid complex required for the biosynthesis of Q in yeast 

(Fig. 12).

The Coq4 and Coq9 polypeptides were used as sensitive indicator polypeptides to monitor 

the state of high molecular mass Coq polypeptide complexes in digitonin extracts of 

mitochondria, as assayed by two-dimensional blue native/SDS PAGE. The over-expression 

of Coq8 in the coq null mutants was found to profoundly affect the association of Coq4 and 

Coq9 in high molecular mass complexes. The Coq4 polypeptide persists at high molecular 

mass with the over-expression of Coq8 in the coq3, coq5, coq6, coq7, and coq9 null mutants 

(Figs. 4 and 5). This finding indicates that deletion of any of these Coq polypeptide 

components has little impact on the association of Coq4 with a high molecular mass Coq 

complex. The Coq9 polypeptide persists at high molecular mass with the over-expression of 

Coq8 in the coq3, coq5 and coq6 null mutants, but is present only at low molecular mass in 

the coq4 and coq7 null mutants upon Coq8 over-expression (Fig. 5). Hence, we propose that 

Coq4 may be a crucial component through which Coq3, Coq5, Coq6, Coq7, and Coq9 

associate to form the CoQ-synthome. Coq7 is an important component through which Coq9 

associates with Coq4.
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Based on these findings our model depicts Coq4 as a central organizer, and the Coq3, Coq5 

and Coq6 polypeptides as more peripheral members of the CoQ-synthome (Fig. 12). In this 

model Coq4 is depicted as a homodimer, with each monomer harboring a binding site for 

the polyisoprenyl-tail of Q6 or a polyisoprenyl-intermediate. This is based on the structure 

determined for Alr8543, a Coq4 homolog from Nostoc sp. PCC7120, and the molecular 

modeling of the highly similar S. cerevisiae Coq4 [71]. Each monomer of the Alr8543 

homodimer co-crystalized with a geranylgeranyl monophosphate, and Rea et al. [71] 

proposed that yeast Coq4 may similarly bind to the polyisoprenyl tail of HHB (or HAB), 

consistent with the idea that Coq4 forms a scaffold organizing the Coq polypeptide complex 

[19], facilitating the action of the Coq6 hydroxylase, the Coq3 and Coq5 methyltransferases, 

and the Coq7 hydroxylase. The model is also consistent with the hypothetical branched 

biosynthetic scheme of Q biosynthesis (Fig. 1). For example, in the presence of hcCOQ8, 

coq6 or coq9 mutants accumulate 4-AP (derived from pABA), and 4-HP (derived from 

4HB) [17], indicating that in some cases decarboxylation and hydroxylation at position 1 of 

the ring (catalyzed by yet to be identified enzymes) might precede the Coq6 hydroxylation 

step.

The CoQ-synthome represents a minimal schematic model because the total predicted mass 

based on the sum of the component Coq polypeptides is only 230–240 kDa [31] (Fig. 12); 

this is well below the 1 MDa size of the complex estimated from blue-native gels. The 

stoichiometry of the Coq polypeptides in the complex is not known and it is likely that 

additional components remain to be identified. The model is consistent with the peripheral 

association of each of the Coq polypeptides to the matrix side of the mitochondrial inner 

membrane, with the exception of Coq2 (Figs. 2 and 3). In addition to interaction with Coq4, 

it is possible that the association of Coq polypeptides with the inner mitochondrial 

membrane may derive from interactions with Q6 and/or a polyisoprenyl-intermediate. So far, 

Coq2 is the only integral membrane protein of the Q-biosynthetic proteins. Previous models 

suggested that Coq2 might serve as an ideal anchor-protein candidate for the Coq complex 

[12], and blue native/SDS PAGE indicated Coq2 migrated at high molecular mass [21]. 

However, co-precipitation experiments have so far failed to identify any physical 

interactions between Coq2 and the other Coq polypeptides (data not shown). Based on this, 

Fig. 12 shows Coq1 and Coq2 independently generate HHB or HAB, early Q-intermediates 

that accumulate in each of the coq3 - coq9 null mutants.

Studies in S. cerevisiae and Schizosaccharomyces pombe have set the stage for 

understanding Q biosynthesis in animals; many human and mouse COQ homologs have 

been shown to rescue the corresponding yeast coq mutants [14, 72]. Expression of human 

COQ4 has been shown to rescue the S. cerevisiae coq4 null mutant [73], suggesting that 

human COQ4 might maintain interactions with yeast Coq polypeptides. However, certain 

animal Q biosynthetic proteins require specific partner proteins to observe cross 

complementation of the yeast mutant. For example, Pdss1 and Pdss2 (Coq1 homologs) from 

S. pombe, mouse, and human form heterotetrameric complexes, and must be co-expressed to 

reconstitute synthesis of the polyisoprene-diphosphate tail [74, 75]. Human COQ9 has not 

yet demonstrated interspecific complementation of the yeast coq9 mutants [76]; this might 

be due to interactions of Coq9 with Coq7. Similar to yeast, the function of Coq7 in mouse 
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requires Coq9. A homozygous Coq9X/X mouse, containing a Coq9-R239X stop codon 

mutation, displayed a severe reduction of Q9 content, accumulated DMQ9, and showed a 

profound decrease in steady state Coq7 polypeptide levels [77]. The Coq9X/X mouse model 

was patterned after human patients with Q deficiency and mitochondrial 

encephalomyopathy [76]. The recapitulation of the human disease in the Coq9X/X mouse 

model suggests that COQ7 hydroxylation of DMQ requires COQ9 in mice and humans. 

Other interactions between human COQ polypeptides have been reported recently. ADCK4 

(a human homolog of yeast Coq8) was shown to interact with COQ6 and COQ7 

polypeptides in podocyte cell cultures [78]. Although we have not detected Coq8 in direct 

association with any of the yeast Coq polypeptides, it is tempting to speculate that human 

ADCK4 may recognize COQ6 and COQ7 as potential substrates for phosphorylation. 

Interestingly, while expression of ADCK4 failed to rescue the yeast coq8 mutant [78], 

expression of human ADCK3 did rescue the coq8 mutant, partially restore Q6 content as 

well as phosphorylated forms of yeast Coq3, Coq5, and Coq7 [31].

We investigated the effects of Coq8 over-expression on the Coq4 and Coq9 polypeptides in 

the coq10 null mutant. Over-expression of Coq8 in the coq10 null mutant increases steady-

state levels of the Coq4 and Coq9 polypeptides and their association with the high molecular 

mass Coq complexes (Fig. 6). In the coq10 null mutant the rate of Q biosynthesis is reduced 

but may be significantly increased by Coq8 over-expression, or by the expression of a 

START domain ortholog of Coq10 [38]. These findings are consistent with the model that 

the Coq10:Q polypeptide ligand complex functions as a chaperone of Q and that Q delivery 

to the CoQ-synthome is necessary for efficient de novo Q biosynthesis (Fig. 12), and/or for 

delivery of Q to the N-site of the bc1 complex [38, 79]. It is tempting to speculate that 

Coq10 may function to chaperone the “inactive” pool of Q (depicted as residing at the 

midplane of the bilayer [80, 81]) to form an “active” pool of Q, consistent with a dedicated 

subset of Q molecules performing electron transport within the respirasomes [82, 83].

Results presented here show that exogenous Q6 restores the growth of any of the coq1-

coq10 null mutant yeast in medium containing a nonfermentable carbon source. This effect 

of supplementation with exogenous Q6 is known to require uptake; Q6 binds to soluble 

proteins derived from peptone in the growth medium and is taken up by cells and 

transported to mitochondria via an endocytic pathway [84]. James et al., [85] identified 16 

yeast ORFs required for utilization of exogenous Q4 in a yeast double knockout library 

(ΔORFΔcoq2). We determined the steady-state levels of the Coq4, Coq7, and Coq9 

polypeptides as indicators of the CoQ-synthome, and scanned for Q6-intermediates by 

HPLC tandem mass spectrometry. Upon the addition of Q6, the coq3, coq4, coq6, coq7 and 

coq9 null mutants accumulate distinct hexaprenyl Q-intermediates and/or show increased 

steady-state levels of one or more of the indicator Coq polypeptides (Figs 8–11 and Table 

3). These findings confirm and extend previous studies showing that addition of exogenous 

Q6 restored de novo synthesis of DMQ6 and increased steady-state levels of the Coq4 

polypeptide in a coq7 null mutant [23, 34]. These results indicate that Q6 itself may interact 

with certain Coq polypeptides and enhance formation of later Q-intermediates. Surprisingly, 

HHAB (a product of the Coq6 step) was detected in the coq6 mutant cultured with 

exogenous Q6 (Fig. 9B). It is possible that the presence of Q6 facilitates the function of 

He et al. Page 14

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



another hydroxylase; such a scenario has been reported for hydroxylases in E. coli Q8 

biosynthesis [86]. However, HHAB as identified in Fig. 9, may actually have the hydroxyl 

substituent located in another position on the ring. Determination of this will require 

purification of the intermediate and structural characterization.

In contrast, addition of exogenous Q6 had no discernable effect on the Coq4, Coq7, or Coq9 

indicator polypeptides or late-stage Q-intermediates in the coq1, coq2, coq5 or coq8 null 

mutants (Fig. 7 and Table 3). The steady-state levels of Coq1, Coq2, and Coq5 polypeptides 

are not affected by deletions in any of the other COQ genes [20]. While Coq8 over-

expression in the coq1 or coq2 null mutants has little effect, Coq8 over-expression in the 

coq5 null mutant allows production of DDMQ6, and enhances steady-state levels of the 

Coq4, Coq6, Coq9 and Coq7 polypeptides [17]. Because Coq5 physically interacts with the 

other core-Coq polypeptides, yet the stabilizing effect of exogenous Q6 on the other Coq 

polypeptides is not observed in the coq5 null mutant, the Coq5 polypeptide is required for 

the interaction of Q6 with CoQ-synthome (Fig. 12). On the other hand, there is no evidence 

that the Coq1 or Coq2 polypeptides are physically associated with the CoQ-synthome. In 

fact steady-state levels of indicator Coq polypeptides in the coq1 null mutant are restored by 

expression of diverse polyisoprenyl-diphosphate synthases, including those from species 

that do not produce Q and hence would not be expected to interact with Coq polypeptides in 

yeast [36]. These findings support the interpretation that the stabilizing effects of 

exogenously added Q6 or over-expression of Coq8 must depend on the synthesis of an 

endogenously produced polyisoprenyl-intermediate, such as HHB or HAB (Fig. 12).

In this study, steady-state levels of Coq1 are decreased upon supplementation of the coq null 

mutants with exogenous Q6. It is tempting to speculate that Coq1 may play a regulatory step 

in the pathway where increases in Q6 lead to a decrease in Coq1 polypeptide levels. This 

effect is not observed in wild type perhaps because supplementation with exogenous Q6 

does not have a significant impact on mitochondrial Q6 content in wild-type yeast [70]. In 

contrast supplementation with exogenous Q6 dramatically increases mitochondrial content 

of Q6 in the coq null mutants, provided steps of endocytosis required for Q6 uptake and 

trafficking to mitochondria are retained [70, 84].

Dietary supplementation with Q10 can be an effective treatment for patients with partial 

defects in Q biosynthesis [87, 88], and also shows benefit in mouse and C. elegans models 

of Q deficiency [89–92], and in cell culture models of mitochondrial diseases [93, 94]. In 

this study we found that inclusion of exogenous Q6 in the growth medium increased steady-

state levels of mitochondrial polypeptides involved in respiratory electron transport and the 

citric acid cycle, including Rip1 (a subunit of complex III), Atp2 (a subunit of F1 of complex 

V), and Mdh1, malate dehydrogenase. Previous studies indicated that supplemented Q6 in 

coq7 null mutant yeast restored steady-state levels of Atp2, cytochromes c and c1, as well as 

porin, a mitochondrial outer membrane protein [95]. Exogenously supplied Q is converted to 

QH2 by the respiratory chain, and QH2 would exert it well known antioxidant effect on the 

mitochondrial membrane compartment and associated proteins [6]. Endogenous 

(hydroquinone) Q-intermediates formed after over-expression of Coq8 might also act as 

antioxidants. It is also possible that exogenous Q restored mitochondrial protein levels by 

increasing the content of mitochondria in coq null mutants. Q deficiencies may result from 
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mitochondrial mutations affecting other processes; this is consistent with the observed 

effects of Q deficiency on mitophagy, and the inhibition of mitophagy by Q supplementation 

[93, 94]. The findings presented here suggest that Q supplementation may correct defects in 

mitochondrial function through its beneficial effects in stabilizing the CoQ-synthome and de 

novo biosynthesis of Q, as well as contributing to enhanced respiratory electron transport 

and mitochondrial metabolism.

Acknowledgements

We thank Drs. Chandra Srinivasan, Steve Clarke, and the members of the CF Clarke lab for their advice and input 
on this manuscript. We thank Drs. A. Tzagoloff (Columbia University) for the cytochrome c1 antibody and the 
original yeast coq mutant strains, B. Trumpower (Dartmouth College) for the monoclonal antisera to Rip1, and C. 
M. Koehler (UCLA) for the cytochrome c, cytochrome b2, Hsp60, and Atp2 antibodies.

REFERENCES

1. Crane, FL.; Barr, R. Chemical structure and properties of coenzyme Q and related compounds. In: 
Lenaz, G., editor. Coenzyme Q: Biochemistry, bioenergetics and clinical applications of 
ubiquinone. New York, NY: John Wiley & Sons; 1985. p. 1-37.

2. Turunen M, Olsson J, Dallner G. Metabolism and function of coenzyme Q. Biochim. Biophys. Acta. 
2004; 1660:171–199. [PubMed: 14757233] 

3. Overkamp KM, Bakker BM, Kotter P, van Tuijl A, de Vries S, van Dijken JP, Pronk JT. In vivo 
analysis of the mechanisms for oxidation of cytosolic NADH by Saccharomyces cerevisiae 
mitochondria. J. Bacteriol. 2000; 182:2823–2830. [PubMed: 10781551] 

4. Lenaz, G.; De Santis, A. A survey of the function and specificity of ubiquinone in the mitochondrial 
respiratory chain. In: Lenaz, G., editor. Coenzyme Q Biochemistry, Bioenergetics and Clinical 
Applications of Ubiquinone. New York: John Wiley & Sons; 1985. p. 165-199.

5. Hildebrandt TM, Grieshaber MK. Three enzymatic activities catalyze the oxidation of sulfide to 
thiosulfate in mammalian and invertebrate mitochondria. The FEBS journal. 2008; 275:3352–3361. 
[PubMed: 18494801] 

6. Bentinger M, Brismar K, Dallner G. The antioxidant role of coenzyme Q. Mitochondrion. 2007; 
7(Suppl):S41–S50. [PubMed: 17482888] 

7. Montero R, Grazina M, Lopez-Gallardo E, Montoya J, Briones P, Navarro-Sastre A, Land JM, 
Hargreaves IP, Artuch R, Coenzyme QDSG. Coenzyme Q10 deficiency in mitochondrial DNA 
depletion syndromes. Mitochondrion. 2013; 13:337–341. [PubMed: 23583954] 

8. Emmanuele V, Lopez LC, Berardo A, Naini A, Tadesse S, Wen B, D'gostino E, Solomon M, 
DiMauro S, Quinzii C, Hirano M. Heterogeneity of coenzyme Q10 deficiency: patient study and 
literature review. Arch. Neurol. 2012; 69:978–983. [PubMed: 22490322] 

9. Sharma S, Moon CS, Khogali A, Haidous A, Chabenne A, Ojo C, Jelebinkov M, Kurdi Y, Ebadi M. 
Biomarkers in Parkinson' disease (recent update). Neurochem. Int. 2013; 63:201–229. [PubMed: 
23791710] 

10. Fotino AD, Thompson-Paul AM, Bazzano LA. Effect of coenzyme Q10 supplementation on heart 
failure: a meta-analysis. Am. J. Clin. Nutr. 2013; 97:268–275. [PubMed: 23221577] 

11. Gasser DL, Winkler CA, Peng M, An P, McKenzie LA, Kirk GD, Shi Y, Xie LX, Marbois BN, 
Clarke CF, Kopp JB. Focal Segmental Glomerulosclerosis Is Associated With a PDSS2 Haplotype 
and Independently, With a Decreased Content of Coenzyme Q10. Am. J. Physiol. Renal Physiol. 
2013

12. Tran UC, Clarke CF. Endogenous synthesis of coenzyme Q in eukaryotes. Mitochondrion. 2007; 
7(Supplement):S62–S71. [PubMed: 17482885] 

13. Pierrel F, Hamelin O, Douki T, Kieffer-Jaquinod S, Mühlenhoff U, Ozeir M, Lill R, Fontecave M. 
Involvement of Mitochondrial Ferredoxin and Para-Aminobenzoic Acid in Yeast Coenzyme Q 
Biosynthesis. Chem. Biol. 2010; 17:449–459. [PubMed: 20534343] 

He et al. Page 16

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Wang Y, Hekimi S. Molecular genetics of ubiquinone biosynthesis in animals. Crit. Rev. Biochem. 
Mol. Biol. 2013; 48:69–88. [PubMed: 23190198] 

15. Marbois B, Xie LX, Choi S, Hirano K, Hyman K, Clarke CF. para-Aminobenzoic acid is a 
precursor in coenzyme Q6 biosynthesis in Saccharomyces cerevisiae. J. Biol. Chem. 2010; 
285:27827–27838. [PubMed: 20592037] 

16. Ozeir M, Muhlenhoff U, Webert H, Lill R, Fontecave M, Pierrel F. Coenzyme Q biosynthesis: 
Coq6 is required for the C5-hydroxylation reaction and substrate analogs rescue Coq6 deficiency. 
Chem. Biol. 2011; 18:1134–1142. [PubMed: 21944752] 

17. Xie LX, Ozeir M, Tang JY, Chen JY, Jaquinod SK, Fontecave M, Clarke CF, Pierrel F. 
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. 2012; 287:23571–23581. [PubMed: 22593570] 

18. Marbois B, Gin P, Faull KF, Poon WW, Lee PT, Strahan J, Shepherd JN, Clarke CF. Coq3 and 
Coq4 define a polypeptide complex in yeast mitochondria for the biosynthesis of coenzyme Q. J. 
Biol. Chem. 2005; 280:20231–20238. [PubMed: 15792955] 

19. Marbois B, Gin P, Gulmezian M, Clarke CF. The yeast Coq4 polypeptide organizes a 
mitochondrial protein complex essential for coenzyme Q biosynthesis. Biochim. Biophys. Acta. 
2009; 1791:69–75. [PubMed: 19022396] 

20. Hsieh EJ, Gin P, Gulmezian M, Tran UC, Saiki R, Marbois BN, Clarke CF. Saccharomyces 
cerevisiae Coq9 polypeptide is a subunit of the mitochondrial coenzyme Q biosynthetic complex. 
Arch. Biochem. Biophys. 2007; 463:19–26. [PubMed: 17391640] 

21. Tauche A, Krause-Buchholz U, Rodel G. Ubiquinone biosynthesis in Saccharomyces cerevisiae: 
the molecular organization of O-methylase Coq3p depends on Abc1p/Coq8p. FEMS Yeast Res. 
2008; 8:1263–1275. [PubMed: 18801050] 

22. Marbois BN, Clarke CF. The COQ7 gene encodes a protein in Saccharomyces cerevisiae 
necessary for ubiquinone biosynthesis. J. Biol. Chem. 1996; 271:2995–3004. [PubMed: 8621692] 

23. Tran UC, Marbois B, Gin P, Gulmezian M, Jonassen T, Clarke CF. Complementation of 
Saccharomyces cerevisiae coq7 mutants by mitochondrial targeting of the Escherichia coli UbiF 
polypeptide: two functions of yeast Coq7 polypeptide in coenzyme Q biosynthesis. J. Biol. Chem. 
2006; 281:16401–16409. [PubMed: 16624818] 

24. Leonard CJ, Aravind L, Koonin EV. Novel families of putative protein kinases in bacteria and 
archaea: evolution of the "eukaryotic" protein kinase superfamily. Genome Res. 1998; 8:1038–
1047. [PubMed: 9799791] 

25. Poon WW, Davis DE, Ha HT, Jonassen T, Rather PN, Clarke CF. Identification of Escherichia 
coli ubiB, a gene required for the first monooxygenase step in ubiquinone biosynthesis. J. 
Bacteriol. 2000; 182:5139–5146. [PubMed: 10960098] 

26. Do TQ, Hsu AY, Jonassen T, Lee PT, Clarke CF. A defect in coenzyme Q biosynthesis is 
responsible for the respiratory deficiency in Saccharomyces cerevisiae abc1 mutants. J. Biol. 
Chem. 2001; 276:18161–18168. [PubMed: 11279158] 

27. Saiki R, Ogiyama Y, Kainou T, Nishi T, Matsuda H, Kawamukai M. Pleiotropic phenotypes of 
fission yeast defective in ubiquinone-10 production. A study from the abc1Sp (coq8Sp) mutant. 
Biofactors. 2003; 18:229–235. [PubMed: 14695938] 

28. Lagier-Tourenne C, Tazir M, Lopez LC, Quinzii CM, Assoum M, Drouot N, Busso C, Makri S, 
Ali-Pacha L, Benhassine T, Anheim M, Lynch DR, Thibault C, Plewniak F, Bianchetti L, 
Tranchant C, Poch O, DiMauro S, Mandel JL, Barros MH, Hirano M, Koenig M. ADCK3, an 
ancestral kinase, is mutated in a form of recessive ataxia associated with coenzyme Q10 
deficiency. Am. J. Hum. Genet. 2008; 82:661–672. [PubMed: 18319074] 

29. Mollet J, Delahodde A, Serre V, Chretien D, Schlemmer D, Lombes A, Boddaert N, Desguerre I, 
de Lonlay P, de Baulny HO, Munnich A, Rotig A. CABC1 gene mutations cause ubiquinone 
deficiency with cerebellar ataxia and seizures. Am. J. Hum. Genet. 2008; 82:623–630. [PubMed: 
18319072] 

30. Cardazzo B, Hamel P, Sakamoto W, Wintz H, Dujardin G. Isolation of an Arabidopsis thaliana 
cDNA by complementation of a yeast abc1 deletion mutant deficient in complex III respiratory 
activity. Gene. 1998; 221:117–125. [PubMed: 9852956] 

He et al. Page 17

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Xie LX, Hsieh EJ, Watanabe S, Allan CM, Chen JY, Tran UC, Clarke CF. Expression of the 
human atypical kinase ADCK3 rescues coenzyme Q biosynthesis and phosphorylation of Coq 
polypeptides in yeast coq8 mutants. Biochim. Biophys. Acta. 2011; 1811:348–360. [PubMed: 
21296186] 

32. Martin-Montalvo A, Gonzalez-Mariscal I, Padilla S, Ballesteros M, Brautigan DL, Navas P, 
Santos-Ocana C. Respiratory-induced coenzyme Q biosynthesis is regulated by a phosphorylation 
cycle of Cat5p/Coq7p. Biochem. J. 2011; 440:107–114. [PubMed: 21812761] 

33. Martin-Montalvo A, Gonzalez-Mariscal I, Pomares-Viciana T, Padilla-Lopez S, Ballesteros M, 
Vazquez-Fonseca L, Gandolfo P, Brautigan DL, Navas P, Santos-Ocana C. The phosphatase Ptc7 
induces coenzyme Q biosynthesis by activating the hydroxylase Coq7 in yeast. J. Biol. Chem. 
2013

34. Padilla S, Tran UC, Jimenez-Hidalgo M, Lopez-Martin JM, Martin-Montalvo A, Clarke CF, Navas 
P, Santos-Ocana C. Hydroxylation of demethoxy-Q6 constitutes a control point in yeast coenzyme 
Q6 biosynthesis. Cell. Mol. Life Sci. 2009; 66:173–186. [PubMed: 19002377] 

35. Zampol MA, Busso C, Gomes F, Ferreira-Junior JR, Tzagoloff A, Barros MH. Over-expression of 
COQ10 in Saccharomyces cerevisiae inhibits mitochondrial respiration. Biochem. Biophys. Res. 
Commun. 2010; 402:82–87. [PubMed: 20933507] 

36. Gin P, Clarke CF. Genetic evidence for a multi-subunit complex in coenzyme Q biosynthesis in 
yeast and the role of the Coq1 hexaprenyl diphosphate synthase. J. Biol. Chem. 2005; 280:2676–
2681. [PubMed: 15548532] 

37. Barros MH, Johnson A, Gin P, Marbois BN, Clarke CF, Tzagoloff A. The Saccharomyces 
cerevisiae COQ10 gene encodes a START domain protein required for function of coenzyme Q in 
respiration. J. Biol. Chem. 2005; 280:42627–42635. [PubMed: 16230336] 

38. Allan CM, Hill S, Morvaridi S, Saiki R, Johnson JS, Liau WS, Hirano K, Kawashima T, Ji Z, Loo 
JA, Shepherd JN, Clarke CF. 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. 2013; 1831:776–791. [PubMed: 23270816] 

39. Cui TZ, Kawamukai M. Coq10, a mitochondrial coenzyme Q binding protein, is required for 
proper respiration in Schizosaccharomyces pombe. The FEBS journal. 2009; 276:748–759. 
[PubMed: 19120452] 

40. Shen Y, Goldsmith-Fischman S, Atreya HS, Acton T, Ma L, Xiao R, Honig B, Montelione GT, 
Szyperski T. NMR structure of the 18 kDa protein CC1736 from Caulobacter crescentus identifies 
a member of the START domain superfamily and suggests residues mediating substrate 
specificity. Proteins. 2005; 58:747–750. [PubMed: 15616961] 

41. Clark BJ. The mammalian START domain protein family in lipid transport in health and disease. J. 
Endocrinol. 2012; 212:257–275. [PubMed: 21965545] 

42. Kang HW, Wei J, Cohen DE. PC-TP/StARD2: Of membranes and metabolism. Trends Endocrinol. 
Metab. 2010; 21:449–456. [PubMed: 20338778] 

43. Burke, D.; Dawson, D.; Stearns, T. Methods in Yeast Genetics. Plainview, NY: Cold Spring 
Harbor Laboratory Press; 2000. 

44. Daniel Gietz, R.; Woods, RA. Transformation of yeast by lithium acetate/single-stranded carrier 
DNA/polyethylene glycol method. In: Christine, G.; Gerald, RF., editors. Methods Enzymol. Vol. 
Volume 350. Academic Press; 2002. p. 87-96.

45. Barkovich RJ, Shtanko A, Shepherd JA, Lee PT, Myles DC, Tzagoloff A, Clarke CF. 
Characterization of the COQ5 gene from Saccharomyces cerevisiae. Evidence for a C-
methyltransferase in ubiquinone biosynthesis. J. Biol. Chem. 1997; 272:9182–9188. [PubMed: 
9083049] 

46. Hsieh EJ, Dinoso JB, Clarke CF. A tRNATRP gene mediates the suppression of cbs2-223 
previously attributed to ABC1/COQ8. Biochem. Biophys. Res. Commun. 2004; 317:648–653. 
[PubMed: 15063807] 

47. Yaffe MP. Analysis of mitochondrial function and assembly. Methods Enzymol. 1991; 194:627–
643. [PubMed: 2005813] 

48. Glick BS, Pon LA. Isolation of highly purified mitochondria from Saccharomyces cerevisiae. 
Methods Enzymol. 1995; 260:213–223. [PubMed: 8592446] 

He et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Gin P, Hsu AY, Rothman SC, Jonassen T, Lee PT, Tzagoloff A, Clarke CF. The Saccharomyces 
cerevisiae COQ6 gene encodes a mitochondrial flavin-dependent monooxygenase required for 
coenzyme Q biosynthesis. J. Biol. Chem. 2003; 278:25308–25316. [PubMed: 12721307] 

50. Jonassen T, Proft M, Randez-Gil F, Schultz JR, Marbois BN, Entian KD, Clarke CF. Yeast Clk-1 
homologue (Coq7/Cat5) is a mitochondrial protein in coenzyme Q synthesis. J. Biol. Chem. 1998; 
273:3351–3357. [PubMed: 9452453] 

51. Jarosch E, Tuller G, Daum G, Waldherr M, Voskova A, Schweyen RJ. Mrs5p, an essential protein 
of the mitochondrial intermembrane space, affects protein import into yeast mitochondria. J. Biol. 
Chem. 1996; 271:17219–17225. [PubMed: 8663351] 

52. Glick BS, Brandt A, Cunningham K, Muller S, Hallberg RL, Schatz G. Cytochromes c1 and b2 are 
sorted to the intermembrane space of yeast mitochondria by a stop-transfer mechanism. Cell. 
1992; 69:809–822. [PubMed: 1350514] 

53. Kemp HA, Sprague GF Jr. Far3 and five interacting proteins prevent premature recovery from 
pheromone arrest in the budding yeast Saccharomyces cerevisiae. Mol. Cell. Biol. 2003; 23:1750–
1763. [PubMed: 12588993] 

54. Steiner H, Zollner A, Haid A, Neupert W, Lill R. Biogenesis of mitochondrial heme lyases in 
yeast. Import and folding in the intermembrane space. J. Biol. Chem. 1995; 270:22842–22849. 
[PubMed: 7559417] 

55. Yaffe MP, Schatz G. Two nuclear mutations that block mitochondrial protein import in yeast. Proc. 
Natl. Acad. Sci. U. S. A. 1984; 81:4819–4823. [PubMed: 6235522] 

56. Leuenberger D, Bally NA, Schatz G, Koehler CM. Different import pathways through the 
mitochondrial intermembrane space for inner membrane proteins. EMBO J. 1999; 18:4816–4822. 
[PubMed: 10469659] 

57. Fujiki Y, Hubbard AL, Fowler S, Lazarow PB. Isolation of intracellular membranes by means of 
sodium carbonate treatment: application to endoplasmic reticulum. J. Cell Biol. 1982; 93:97–102. 
[PubMed: 7068762] 

58. Reading DS, Hallberg RL, Myers AM. Characterization of the yeast HSP60 gene coding for a 
mitochondrial assembly factor. Nature. 1989; 337:655–659. [PubMed: 2563898] 

59. Chen WJ, Douglas MG. Phosphodiester bond cleavage outside mitochondria is required for the 
completion of protein import into the mitochondrial matrix. Cell. 1987; 49:651–658. [PubMed: 
3034431] 

60. Ohashi A, Gibson J, Gregor I, Schatz G. Import of proteins into mitochondria. The precursor of 
cytochrome c1 is processed in two steps, one of them heme-dependent. J. Biol. Chem. 1982; 
257:13042–13047. [PubMed: 6290490] 

61. Stenmark P, Grunler J, Mattsson J, Sindelar PJ, Nordlund P, Berthold DA. A new member of the 
family of di-iron carboxylate proteins. Coq7 (clk-1), a membrane-bound hydroxylase involved in 
ubiquinone biosynthesis. J. Biol. Chem. 2001; 276:33297–33300. [PubMed: 11435415] 

62. Berthold DA, Stenmark P. Membrane-bound diiron carboxylate proteins. Annu. Rev. Plant Biol. 
2003; 54:497–517. [PubMed: 14503001] 

63. Picot D, Loll PJ, Garavito RM. The X-ray crystal structure of the membrane protein prostaglandin 
H2 synthase-1. Nature. 1994; 367:243–249. [PubMed: 8121489] 

64. Wendt KU, Lenhart A, Schulz GE. The structure of the membrane protein squalene-hopene cyclase 
at 2.0 A resolution. J. Mol. Biol. 1999; 286:175–187. [PubMed: 9931258] 

65. Tuominen EK, Wallace CJ, Kinnunen PK. Phospholipid-cytochrome c interaction: evidence for the 
extended lipid anchorage. J. Biol. Chem. 2002; 277:8822–8826. [PubMed: 11781329] 

66. Baba SW, Belogrudov GI, Lee JC, Lee PT, Strahan J, Shepherd JN, Clarke CF. Yeast Coq5 C-
methyltransferase is required for stability of other polypeptides involved in coenzyme Q 
biosynthesis. J. Biol. Chem. 2004; 279:10052–10059. [PubMed: 14701817] 

67. Belogrudov GI, Lee PT, Jonassen T, Hsu AY, Gin P, Clarke CF. Yeast COQ4 encodes a 
mitochondrial protein required for coenzyme Q synthesis. Arch. Biochem. Biophys. 2001; 392:48–
58. [PubMed: 11469793] 

68. Poon WW, Barkovich RJ, Hsu AY, Frankel A, Lee PT, Shepherd JN, Myles DC, Clarke CF. Yeast 
and rat Coq3 and Escherichia coli UbiG polypeptides catalyze both O-methyltransferase steps in 
coenzyme Q biosynthesis. J. Biol. Chem. 1999; 274:21665–21672. [PubMed: 10419476] 

He et al. Page 19

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



69. James AM, Cocheme HM, Smith RA, Murphy MP. Interactions of mitochondria-targeted and 
untargeted ubiquinones with the mitochondrial respiratory chain and reactive oxygen species. 
Implications for the use of exogenous ubiquinones as therapies and experimental tools. J. Biol. 
Chem. 2005; 280:21295–21312. [PubMed: 15788391] 

70. Santos-Ocana C, Do TQ, Padilla S, Navas P, Clarke CF. Uptake of exogenous coenzyme Q and 
transport to mitochondria is required for bc1 complex stability in yeast coq mutants. J. Biol. Chem. 
2002; 277:10973–10981. [PubMed: 11788608] 

71. Rea SL, Graham BH, Nakamaru-Ogiso E, Kar A, Falk MJ. Bacteria, yeast, worms, and flies: 
exploiting simple model organisms to investigate human mitochondrial diseases. Dev Disabil Res 
Rev. 2010; 16:200–218. [PubMed: 20818735] 

72. Kawamukai M. Biosynthesis and bioproduction of coenzyme Q10 by yeasts and other organisms. 
Biotechnol. Appl. Biochem. 2009; 53:217–226. [PubMed: 19531029] 

73. Casarin A, Jimenez-Ortega JC, Trevisson E, Pertegato V, Doimo M, Ferrero-Gomez ML, Abbadi 
S, Artuch R, Quinzii C, Hirano M, Basso G, Ocana CS, Navas P, Salviati L. Functional 
characterization of human COQ4, a gene required for Coenzyme Q10 biosynthesis. Biochem. 
Biophys. Res. Commun. 2008; 372:35–39. [PubMed: 18474229] 

74. Saiki R, Nagata A, Uchida N, Kainou T, Matsuda H, Kawamukai M. Fission yeast decaprenyl 
diphosphate synthase consists of Dps1 and the newly characterized Dlp1 protein in a novel 
heterotetrameric structure. Eur. J. Biochem. 2003; 270:4113–4121. [PubMed: 14519123] 

75. Saiki R, Nagata A, Kainou T, Matsuda H, Kawamukai M. Characterization of solanesyl and 
decaprenyl diphosphate synthases in mice and humans. The FEBS journal. 2005; 272:5606–5622. 
[PubMed: 16262699] 

76. Duncan AJ, Bitner-Glindzicz M, Meunier B, Costello H, Hargreaves IP, Lopez LC, Hirano M, 
Quinzii CM, Sadowski MI, Hardy J, Singleton A, Clayton PT, Rahman S. A nonsense mutation in 
COQ9 causes autosomal-recessive neonatal-onset primary coenzyme Q10 deficiency: a potentially 
treatable form of mitochondrial disease. Am. J. Hum. Genet. 2009; 84:558–566. [PubMed: 
19375058] 

77. Garcia-Corzo L, Luna-Sanchez M, Doerrier C, Garcia JA, Guaras A, Acin-Perez R, Bullejos-
Peregrin J, Lopez A, Escames G, Enriquez JA, Acuna-Castroviejo D, Lopez LC. Dysfunctional 
Coq9 protein causes predominant encephalomyopathy associated with CoQ deficiency. Hum. Mol. 
Genet. 2013; 22:1233–1248. [PubMed: 23255162] 

78. Ashraf S, Gee HY, Woerner S, Xie LX, Vega-Warner V, Lovric S, Fang H, Song X, Cattran DC, 
Avila-Casado C, Paterson AD, Nitschke P, Bole-Feysot C, Cochat P, Esteve-Rudd J, Haberberger 
B, Allen SJ, Zhou W, Airik R, Otto EA, Barua M, Al-Hamed MH, Kari JA, Evans J, Bierzynska 
A, Saleem MA, Bockenhauer D, Kleta R, El Desoky S, Hacihamdioglu DO, Gok F, Washburn J, 
Wiggins RC, Choi M, Lifton RP, Levy S, Han Z, Salviati L, Prokisch H, Williams DS, Pollak M, 
Clarke CF, Pei Y, Antignac C, Hildebrandt F. ADCK4 mutations promote steroid-resistant 
nephrotic syndrome through CoQ10 biosynthesis disruption. J. Clin. Invest. 2013; 123:5179–5189. 
[PubMed: 24270420] 

79. Busso C, Tahara EB, Ogusucu R, Augusto O, Ferreira-Junior JR, Tzagoloff A, Kowaltowski AJ, 
Barros MH. Saccharomyces cerevisiae coq10 null mutants are responsive to antimycin A. The 
FEBS journal. 2010; 277:4530–4538. [PubMed: 20875086] 

80. Haines TH. Do sterols reduce proton and sodium leaks through lipid bilayers? Prog. Lipid Res. 
2001; 40:299–324. [PubMed: 11412894] 

81. Roche Y, Peretti P, Bernard S. Influence of the chain length of ubiquinones on their interaction 
with DPPC in mixed monolayers. Biochim. Biophys. Acta. 2006; 1758:468–478. [PubMed: 
16631108] 

82. Lapuente-Brun E, Moreno-Loshuertos R, Acin-Perez R, Latorre-Pellicer A, Colas C, Balsa E, 
Perales-Clemente E, Quiros PM, Calvo E, Rodriguez-Hernandez MA, Navas P, Cruz R, Carracedo 
A, Lopez-Otin C, Perez-Martos A, Fernandez-Silva P, Fernandez-Vizarra E, Enriquez JA. 
Supercomplex assembly determines electron flux in the mitochondrial electron transport chain. 
Science. 2013; 340:1567–1570. [PubMed: 23812712] 

83. Genova ML, Lenaz G. Functional role of mitochondrial respiratory supercomplexes. Biochim. 
Biophys. Acta. 2013

He et al. Page 20

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



84. Padilla-Lopez S, Jimenez-Hidalgo M, Martin-Montalvo A, Clarke CF, Navas P, Santos-Ocana C. 
Genetic evidence for the requirement of the endocytic pathway in the uptake of coenzyme Q6 in 
Saccharomyces cerevisiae. Biochim. Biophys. Acta. 2009; 1788:1238–1248. [PubMed: 19345667] 

85. James AM, Cocheme HM, Murai M, Miyoshi H, Murphy MP. Complementation of coenzyme Q-
deficient yeast by coenzyme Q analogues requires the isoprenoid side chain. The FEBS journal. 
2010; 277:2067–2082. [PubMed: 20345901] 

86. Hajj Chehade M, Loiseau L, Lombard M, Pecqueur L, Ismail A, Smadja M, Golinelli-Pimpaneau 
B, Mellot-Draznieks C, Hamelin O, Aussel L, Kieffer-Jaquinod S, Labessan N, Barras F, 
Fontecave M, Pierrel F. ubiI, a new gene in Escherichia coli coenzyme Q biosynthesis, is involved 
in aerobic C5-hydroxylation. J. Biol. Chem. 2013; 288:20085–20092. [PubMed: 23709220] 

87. Montini G, Malaventura C, Salviati L. Early coenzyme Q10 supplementation in primary coenzyme 
Q10 deficiency. N. Engl. J. Med. 2008; 358:2849–2850. [PubMed: 18579827] 

88. Heeringa SF, Chernin G, Chaki M, Zhou W, Sloan AJ, Ji Z, Xie LX, Salviati L, Hurd TW, Vega-
Warner V, Killen PD, Raphael Y, Ashraf S, Ovunc B, Schoeb DS, McLaughlin HM, Airik R, 
Vlangos CN, Gbadegesin R, Hinkes B, Saisawat P, Trevisson E, Doimo M, Casarin A, Pertegato 
V, Giorgi G, Prokisch H, Rotig A, Nurnberg G, Becker C, Wang S, Ozaltin F, Topaloglu R, 
Bakkaloglu A, Bakkaloglu SA, Muller D, Beissert A, Mir S, Berdeli A, Varpizen S, Zenker M, 
Matejas V, Santos-Ocana C, Navas P, Kusakabe T, Kispert A, Akman S, Soliman NA, Krick S, 
Mundel P, Reiser J, Nurnberg P, Clarke CF, Wiggins RC, Faul C, Hildebrandt F. COQ6 mutations 
in human patients produce nephrotic syndrome with sensorineural deafness. J. Clin. Invest. 2011; 
121:2013–2024. [PubMed: 21540551] 

89. Saiki R, Lunceford AL, Shi Y, Marbois B, King R, Pachuski J, Kawamukai M, Gasser DL, Clarke 
CF. Coenzyme Q10 supplementation rescues renal disease in Pdss2kd/kd mice with mutations in 
prenyl diphosphate synthase subunit 2. Am. J. Physiol. Renal Physiol. 2008; 295:F1535–F1544. 
[PubMed: 18784258] 

90. Wang Y, Hekimi S. Mitochondrial respiration without ubiquinone biosynthesis. Hum. Mol. Genet. 
2013

91. Jonassen T, Marbois BN, Faull KF, Clarke CF, Larsen PL. Development and fertility in 
Caenorhabditis elegans clk-1 mutants depend upon transport of dietary coenzyme Q8 to 
mitochondria. J. Biol. Chem. 2002; 277:45020–45027. [PubMed: 12324451] 

92. Gomez F, Saiki R, Chin R, Srinivasan C, Clarke CF. Restoring de novo coenzyme Q biosynthesis 
in Caenorhabditis elegans coq-3 mutants yields profound rescue compared to exogenous 
coenzyme Q supplementation. Gene. 2012; 506:106–116. [PubMed: 22735617] 

93. Cotan D, Cordero MD, Garrido-Maraver J, Oropesa-Avila M, Rodriguez-Hernandez A, Gomez 
Izquierdo L, De la Mata M, De Miguel M, Lorite JB, Infante ER, Jackson S, Navas P, Sanchez-
Alcazar JA. Secondary coenzyme Q10 deficiency triggers mitochondria degradation by mitophagy 
in MELAS fibroblasts. FASEB J. 2011; 25:2669–2687. [PubMed: 21551238] 

94. De la Mata M, Garrido-Maraver J, Cotan D, Cordero MD, Oropesa-Avila M, Izquierdo LG, De 
Miguel M, Lorite JB, Infante ER, Ybot P, Jackson S, Sanchez-Alcazar JA. Recovery of MERRF 
fibroblasts and cybrids pathophysiology by coenzyme Q10. Neurotherapeutics. 2012; 9:446–463. 
[PubMed: 22354625] 

95. Padilla S, Jonassen T, Jimenez-Hidalgo MA, Fernandez-Ayala DJ, Lopez-Lluch G, Marbois B, 
Navas P, Clarke CF, Santos-Ocana C. Demethoxy-Q, an intermediate of coenzyme Q biosynthesis, 
fails to support respiration in Saccharomyces cerevisiae and lacks antioxidant activity. J. Biol. 
Chem. 2004; 279:25995–26004. [PubMed: 15078893] 

96. McEwen JE, Ko C, Kloeckner-Gruissem B, Poyton RO. Nuclear functions required for cytochrome 
c oxidase biogenesis in Saccharomyces cerevisiae. Characterization of mutants in 34 
complementation groups. J. Biol. Chem. 1986; 261:11872–11879. [PubMed: 3017950] 

97. Ashby MN, Kutsunai SY, Ackerman S, Tzagoloff A, Edwards PA. COQ2 is a candidate for the 
structural gene encoding para-hydroxybenzoate:polyprenyltransferase. J. Biol. Chem. 1992; 
267:4128–4136. [PubMed: 1740455] 

98. Do TQ, Schultz JR, Clarke CF. Enhanced sensitivity of ubiquinone-deficient mutants of 
Saccharomyces cerevisiae to products of autoxidized polyunsaturated fatty acids. Proc. Natl. 
Acad. Sci. U. S. A. 1996; 93:7534–7539. [PubMed: 8755509] 

He et al. Page 21

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



99. Hsu AY, Do TQ, Lee PT, Clarke CF. Genetic evidence for a multi-subunit complex in the O-
methyltransferase steps of coenzyme Q biosynthesis. Biochim. Biophys. Acta. 2000; 1484:287–
297. [PubMed: 10760477] 

He et al. Page 22

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Multi-copy Coq8 stabilizes Coq polypeptide complexes in certain coq null 

mutants.

• Exogenous Q6 restored certain Coq polypeptides in select coq null mutants.

• Exogenous Q6 promotes synthesis of late-stage coenzyme Q-intermediates.

• A model of the CoQ-synthome, multi-subunit Coq polypeptide complex is 

proposed.

• Establishing the subunit interdependence helps elucidate steps in Q biosynthesis.

He et al. Page 23

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Q6 biosynthesis in S. cerevisiae proceeds from either 4HB or pABA. The classic Q 

biosynthetic pathway is shown in blue emanating from 4HB (4-hydroxybenzoic acid). R 

represents the hexaprenyl tail present in Q6 and all intermediates. The numbering of the 

aromatic carbon atoms used throughout this study is shown on the reduced form of Q6, 

Q6H2. Coq1p synthesizes the hexaprenyldiphosphate tail, which is transferred by Coq2p to 

4HB to form HHB (3-hexaprenyl-4-hydroxybenzoic acid). Alternatively, the red pathway 

indicates that pABA (para-aminobenzoic acid) is prenylated by Coq2p to form HAB (3-

hexaprenyl-4-aminobenzoic acid). Both HHB and HAB are early Q6-intermediates, readily 

detected in each of the coq null strains (Δcoq3-Δcoq9). Subsequent ring modification steps 

are thought to occur in the sequences shown, including hydroxylation by Coq6 in concert 

with ferredoxin (Yah1) and ferredoxin reductase (Arh1). Coq3 performs the two O-

methylation steps, Coq5 the C-methylation step, and Coq7 performs the penultimate 

hydroxylation step. The functional roles of the Coq4, Coq8, and Coq9 polypeptides are 

elaborated in this study. Coq8p over-expression (hcCOQ8) in certain Δcoq strains leads to 

the accumulation of novel intermediates [17], suggesting these branched pathways. For 

example, in the presence of hcCOQ8, coq6 or coq9 mutants accumulate 4-AP (derived from 

pABA), and 4-HP (derived from 4HB) [17], indicating that in some cases decarboxylation 

and hydroxylation at position 1 of the ring may precede the Coq6 hydroxylation step. Purple 

dotted arrows designate the replacement of the C4-amine with a C4-hydroxyl and 

correspond to a proposed C4-deamination/deimination reaction, resulting in a convergence 

of the 4HB and pABA pathways. A putative mechanism to replace the C4-imino group with 

the C4-hydroxy group is shown in purple brackets for IDMQ6 but could also occur on 

IDDMQ6 (not shown). Several steps defective in the Δcoq9 strain are designated with red 

asterisks. Intermediates previously detected are shown in bold: 4-AP (3-hexaprenyl-4-
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aminophenol); DDMQ6H2, the reduced form of demethyl-demethoxy-Q6; DMQ6, 

demethoxy-Q6; DMQ6H2, demethoxy-Q6H2 (the reduced form of DMQ6); HHAB, 3-

hexaprenyl-5-hydroxy-4-aminobenzoic acid; HMAB, 3-hexaprenyl-5-methoxy-4-

aminobenzoic acid; 4-HP (3-hexaprenyl-4-hydroxyphenol); IDMQ6, (4-imino-demethoxy-

Q6); IDMQ6H2, 4-amino-demethoxy-Q6H2 (the reduced form of IDMQ6). Intermediates 

shown in parentheses indicate that they have not yet been detected: DHAP, 5-hydroxy-4-

aminohexaprenylphenol; DHHB, 3-hexaprenyl-4,5-dihydroxybenzoic acid; DHHP, 4,5-

dihydroxy-hexaprenylphenol; HMHB, 3-hexaprenyl-4-hydroxy-5-methoxybenzoic acid; 

IDDMQ6H2, 4-amino-demethyl-demethoxyQ6H2.

He et al. Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Coq2 is an integral membrane protein while Coq7 is peripherally associated to the inner 

mitochondrial membrane, facing toward the matrix side. (A), Mitochondria were subjected 

to a hypotonic swelling and centrifugation to separate intermembrane space protein (IMS) 

and mitoplasts. The mitoplasts were treated with 0.1 M Na2CO3, pH 11.5, or sonicated, then 

separated by centrifugation (100,000× g for 1 h) into supernatant (S) or pellet (P) fractions. 

(B), Intact mitochondria or mitoplasts were treated with 100 µg/ml Proteinase K for 30 min 

on ice, with or without detergent. Equal aliquots of pellet and TCA-precipitated soluble 
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fractions were analyzed. Mitochondrial control markers are: Atp2, peripheral inner 

membrane protein; Cytb2, inter-membrane space protein; Cytc1, integral inner membrane 

protein; and Hsp60, soluble matrix protein.
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Figure 3. 
Coq2 is resistant to salt extraction of sonicated mitoplasts while other Coq proteins are 

partially disassociated from the mitochondrial inner membrane. Purified mitochondria were 

subjected to hypotonic swelling to generate mitoplasts. Equal volumes of sonication buffer 

with or without salt were added to sonicated mitoplasts. Samples were incubated for 15 min 

on ice then separated by centrifugation (100,000 × g for 1 h) into supernatant or pellet 

fractions. Equal aliquots of pellet and TCA-precipitated supernatant fractions were analyzed.
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Figure 4. 
Over-expression of Coq8 in the coq3 null mutant, but not in the coq4 null mutant, stabilizes 

the multi-subunit Coq polypeptide complex. Mitochondria were isolated from WT 

(W303-1A), coq3 null or coq4 null with and without the over-expression of Coq8 

(hcCOQ8). Purified mitochondria (200 µg protein), were separated by two-dimensional blue 

native/SDS PAGE, and the immunoblots were probed with antibodies against Coq4 and 

Coq9. A sample of wild-type mitochondria separated just in the SDS-second dimension 

served as a positive control and is designated by M. Q or Q-intermediates derived from 

either 4HB or pABA that accumulated in the yeast strains were determined in the study by 

Xie et al. [17]. The coq mutants over-expressing Coq8 continue to produce HHB and HAB, 

but in addition the coq4 mutant also accumulates HHAB. Schematics show interactions of 

the Coq polypeptides and illustrate interactions potentially favored by over-expression of 

Coq8; ND, Coq polypeptides not detected.
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Figure 5. 
Over-expression of Coq8 in coq5, coq6, coq7 or coq9 null mutant strains stabilizes the 

multi-subunit Coq polypeptide complex. Mitochondria were isolated from yeast strains 

harboring a deletion in one of the coq5, coq6, coq7, or coq9 genes with and without the 

over-expression of Coq8 (hcCOQ8). Purified mitochondria (200 µg protein) were separated 

by two-dimensional blue native/SDS PAGE, and the immunoblots were probed with 

antibodies against Coq4 and Coq9. A sample of wild-type mitochondria separated only in 

the SDS-second dimension served as a positive control and is designated by M. Q-

intermediates derived from either 4HB or pABA that accumulated in the yeast mutants were 

determined in the study by Xie et al. [17]. The coq mutants over-expressing Coq8 continue 

to produce HHB and HAB, but in addition the designated late-stage Q-intermediates are also 

observed. Schematics show interactions of the Coq polypeptides and illustrate interactions 

potentially favored by over-expression of Coq8; dotted lines indicate that steady state-Coq 

polypeptides are present but are decreased relative to wild type; ND, Coq polypeptides not 

detected.
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Figure 6. 
Over-expression of Coq8 in coq10 null mutant strain stabilizes the Coq4 and Coq9 

polypeptide levels. Mitochondria were purified from coq10 null mutant yeast strain with and 

without the over-expression of Coq8 (hcCOQ8). (A), Purified mitochondria (20 µg protein) 

were subject to SDS-PAGE and Western blot probing with antibodies against Coq4, Coq9, 

and Porin. (B), Purified mitochondria (200 µg protein), were subjected to two-dimensional 

Blue Native/SDS PAGE, and immunoblots were probed with antibodies against Coq4 and 

Coq9. A sample of wild-type mitochondria separated only in the SDS-second dimension 

served as a positive control and is designated by M. The coq10 mutant produces Q6 from 

4HB and pABA and retains high molecular mass complexes of the Coq polypeptides as 

indicated by the schematic of the Coq complex; dotted lines indicate that steady state-Coq 

polypeptides are present but are decreased relative to wild type.
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Figure 7. 
Inclusion of exogenous Q6 during culture of coq1-coq9 null yeast mutants stabilizes certain 

Coq and mitochondrial polypeptides. Wild type or coq1-coq9 null mutant yeast were grown 

in 18 ml of YPD with either 1.5 µl ethanol/ml medium (no Q6 addition) or the same volume 

of Q6 dissolved in ethanol giving a final concentration of 10 µM Q6 (+Q6) for 42 hours. 

Yeast cells (10 A600nm) were collected as pellets. Protein extracts were prepared from the 

pellets and analyzed by SDS-PAGE and immunoblot. Immunoblots were performed with 

antibodies against Coq1, Coq4, Coq7, Coq9, Atp2, malate dehydrogenase (Mdh1), or Rieske 

iron-sulfur protein (Rip1). Ponceau staining was used to detect the total proteins transferred 

to the membrane and served as the loading control.
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Figure 8. 
Exogenous Q6 increases synthesis of demethoxy-Q6 (DMQ6) in coq7 null mutant. Yeast 

coq7 null mutant was cultured in YPD with either 10 µg/ml 13C6 -4HB and 1.5 µl ethanol/ml 

medium (no Q6 addition) or 10 µg/ml 13C6 -4HB and the same volume of Q6 dissolved in 

ethanol giving a final concentration of 10 µM Q6 (+Q6) for 42 hours. Yeast cells (30 

A600nm) were collected as pellets and washed twice with distilled water. Q4 (145.4 pmol) 

was added as internal standard. Lipid extracts were prepared from the pellets and analyzed 

by RP-HPLC-MS/MS. Multiple reaction monitoring (MRM) detected precursor-to-product 
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ion transitions 567.0/173.0 (13C6 -DMQ6). The green trace designates the 13C6-DMQ6 

signal in the +Q6 condition, and the blue trace indicates the 13C6-DMQ6 signal in the 

absence of added Q6. The peak areas of 13C6-DMQ6 normalized by peak areas of Q4 are 

0.0665 in coq7Δ +13C6-4HB and 0.215 in coq7Δ+ Q6 +13C6-4HB.
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Figure 9. 
Exogenous Q6 increases the accumulation of 3-hexaprenyl-4-amino-5-hydroxybenzoic acid 

(HHAB) in coq4 and coq6 null mutants. Yeast coq4 and coq6 null mutants were cultured in 

YPD with either 1.5 µl ethanol/ml medium (no Q6 addition) or the same volume of Q6 

dissolved in ethanol giving a final concentration of 10 µM Q6 (+Q6) for 42 hours. Yeast 

cells (30 A600nm) were collected as pellets and washed twice with distilled water. Q4 (145.4 

pmol) was added as internal standard. Lipid extracts were prepared from the pellets and 

analyzed by RP-HPLC-MS/MS. Multiple reaction monitoring (MRM) detected precursor-to-

product ion transitions 562.0/166.0 (HHAB) and 455.4/197.0 (Q4). The arbitrary units (cps) 

and the scale is the same for all the traces within the same panel. In panels A and B, green 

traces designate the HHAB signal in the +Q6 condition, and purple traces the HHAB signal 

in the absence of added Q6. The peak areas of HHAB normalized by peak areas of Q4 are 

0.01 in coq4Δ (A), 0.14 in coq4Δ+ Q6 (A), 0.003 in coq6Δ (B), and 0.03 in coq6Δ+Q6 (B). 
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The retention times of HHAB are 2.69 min in coq4Δ+Q6 (A), and 2.71 min in coq6Δ+Q6 

(B).
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Figure 10. 
Exogenous Q6 increases the accumulation of 3-hexaprenyl-4-aminophenol (4-AP) in the 

coq6 null mutant. Lipid extracts were prepared from the cell pellets of coq6 null mutant 

yeast following growth in YPD with either the presence (+Q6) or absence of Q6 and 

analyzed by RP-HPLC-MS/MS as described in Fig.9. MRM detected precursor-to-product 

ion transitions 518.4/122.0 (4-AP) and 455.4/197.0 (Q4). In panel A, the green trace 

designates the 4-AP signal in the +Q6 condition, and the purple trace designates the 4-AP 

signal in the absence of added Q6 (coq6Δ). The peak areas of 4AP normalized by peak areas 

of Q4 are 0.008 in coq6Δ and 2.68 in coq6Δ+Q6. Panel B shows the fragmentation spectrum 

for the 4-AP [M+H]+ precursor ion (C36H56NO+; monoisotopic mass 518.4), the 4-AP 

tropylium ion [M]+ (C7H8NO+; 122.06), and the 4-AP chromenylium ion [M]+ 

(C10H12NO+; 162.1).
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Figure 11. 
Exogenous Q6 leads to the accumulation of imino-demethoxy-Q6 (IDMQ6) in the coq9 null 

mutant. Lipid extracts were prepared from cell pellets of the coq9 null mutant yeast 

following growth in YPD with either the presence (+Q6) or absence of Q6 and analyzed by 

RP-HPLC-MS/MS as described in Fig. 8. Panel A shows the MRM detected precursor-to-

product ion transition 560.5/166.2 (IDMQ6). Panel B, shows the fragmentation spectrum for 

the IDMQ6 [M+H]+ precursor ion (C38H58NO+; monoisotopic mass 560.4), the IDMQ6 

tropylium ion [M]+ (C9H12NO2 +; 166.1), and the IDMQ6 chromenylium ion [M]+ 

(C12H16NO2 +; 206.1).

He et al. Page 38

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Proposed model for the yeast CoQ-synthome. This model is consistent with co-precipitation 

studies in S. cerevisiae with tagged Coq polypeptides, and the association of several of the 

Coq polypeptides in high molecular mass complexes, as assayed in digitonin extracts of 

mitochondria separated by two-dimensional blue native/SDS PAGE. The over-expression of 

Coq8, a putative kinase, is required to observe phosphorylated forms of Coq3, Coq5, and 

Coq7 [31]. Coq10, a START domain polypeptide, binds to Q and is postulated to act as a Q 

chaperone that delivers Q to the CoQ-synthome and/or the bc1 complex [38]. Coq4 is 

denoted as a scaffolding protein, with binding sites for Q or polyisoprenyl-intermediates and 

serves to organize the high molecular mass Q biosynthetic complexes. See text for 

additional explanation.
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Table 1

Genotype and Source of Yeast Strains

Strain Genotype Source

JM43 MAT α leu2-3,112 ura3-52 trp1-289 his4-580 [96]

W3031A MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 R. Rothsteina

BY4741 MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 Open Biosystems

W303Δcoq1 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq1::LEU2 [36]

W303Δcoq2 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq2::HIS3 [97]

CC303 MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq3::LEU2 [98]

W303Δcoq4 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq4::TRP1 [99]

W303Δcoq5 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq5::HIS3 [45]

W303Δcoq6 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq6::LEU2 [49]

W303Δcoq7 MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq7::LEU2 [22]

BY4741Δcoq9 MAT a his3Δ0 leu2Δ0 met15Δ0 ura3Δ0 coq9::KanMX4 Open Biosystems

W303Δcoq10 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq10::HIS3 [37]

a
Dr. Rodney Rothstein, Department of Human Genetics, Columbia University.
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Table 2

Description and Source of Antibodies

Antibody Source

Atp2 Carla. M. Koehlera

Coq1 [36]

Coq2 [20]

Coq3 [68]

Coq4 [67]

Coq5 [66]

Coq6 [49]

Coq7 [23]

Coq8 [20]

Coq9 [20]

Cytc Carla M. Koehlera

Cytb2 Carla M. Koehlera

Cytc1 A. Tzagoloffb

Hsp60 Carla M. Koehlera

Mdh1 Lee McAlister-Hennc

Rip1 B. Trumpowed

a
Dr. Carla. M. Koehler, Department of Chemistry and Biochemistry, UCLA.

b
Dr. A. Tzagoloff, Department of Biological Sciences, Columbia University.

c
Dr. Lee McAlister-Henn, Department of Molecular Biophysics and Biochemistry, University of Texas Health Sciences Center, San Antonio.

d
Dr. B. Trumpower, Department Biochemistry, Dartmouth Medical School.
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