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Abstract

Ubiquinone (UQ), also known as coenzyme Q (CoQ), is a redox-active lipid present in all cellular 

membranes where it functions in a variety of cellular processes. The best known functions of UQ 

are to act as a mobile electron carrier in the mitochondrial respiratory chain and to serve as a lipid 

soluble antioxidant in cellular membranes. All eukaryotic cells synthesize their own UQ. Most of 

the current knowledge on the UQ biosynthetic pathway was obtained by studying Escherichia coli 
and S. cerevisiae UQ-deficient mutants. The orthologues of all the genes known from yeast studies 

to be involved in UQ biosynthesis have subsequently been found in higher organisms. Animal 

mutants with different genetic defects in UQ biosynthesis display very different phenotypes, 

despite the fact that in all these mutants the same biosynthetic pathway is affected. This review 

summarizes the present knowledge of the eukaryotic biosynthesis of UQ, with focus on the 

biosynthetic genes identified in animals, including C. elegans, rodents and humans. Moreover, we 

review the phenotypes of mutants in these genes and discuss the functional consequences of UQ 

deficiency in general.
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Introduction

Ubiquinone (UQ), also known as coenzyme Q (CoQ), is a redox-active lipid present in all 

cellular membranes where it acts in a variety of cellular processes (Crane, 2007). The best-

understood physiological function of UQ is as a mobile electron carrier in the mitochondrial 

respiratory chain, transporting electrons from complex I and II to complex III. Its 

antioxidant function in cellular membranes and lipoproteins is also well recognized (Ernster 

and Forsmark-Andree, 1993, Bentinger et al., 2007). Moreover, UQ has been described to be 

an obligatory cofactor for dihydroorotate dehydrogenase, a key enzyme for de novo 

pyrimidine biosynthesis (Evans and Guy, 2004). It has also been implicated in modulating 

the mitochondrial Permeability Transition Pores (mtPTP) (Fontaine et al., 1998). 

Furthermore, UQ is an active part of the electron transport systems of the plasma membrane 
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and lysosomes (Turunen et al., 2004, Nohl and Gille, 2005). While a more complete picture 

of the functions of UQ is emerging, many fundamental questions still remain regarding 

details of its biosynthesis, its intracellular mobilization and its turnover, as well as about the 

pathogenesis of UQ deficiency. In this review, we summarize the research on UQ 

biosynthesis in animals, with emphasis on the functional consequences of various lesions in 

the UQ biosynthetic pathway. For a review on other aspects of the biology of UQ, the 

interested readers should consult the comprehensive review by Turunen and references 

therein (Turunen et al., 2004).

The biosynthesis of UQ has been studied extensively in E. coli and the yeast Saccharomyces 
cerevisiae (S. cerevisiae) by characterization of the biosynthetic intermediates that 

accumulate in UQ-biosynthesis defective strains (Meganathan, 2001, Tran and Clarke, 

2007). The knowledge gathered in these two single-celled organisms, especially budding 

yeast, has been successfully used to identify the gene products required for the biosynthesis 

of UQ in higher organisms. Below, we first provide a brief overview of the proposed 

pathway for UQ biosynthesis in eukaryotic cells in general, followed by a section reviewing 

specific biosynthetic genes identified in C. elegans, rodents and humans. In the next section 

we summarize the phenotypes of mutants in these genes, whether or not it is known that they 

are actually caused by UQ deficiency. Finally, we elaborate on cellular phenotypes 

associated with UQ deficiency.

Overview of the UQ Biosynthetic Pathway

UQ (Fig. 1) is a benzoquinone linked to a hydrophobic poly-isoprenoid tail that varies in 

length in different species (Ernster and Dallner, 1995). For example, the major isoforms in 

budding yeast and E. coli are UQ6 and UQ8 (the subscript denotes the number of isoprene 

subunits) respectively, whereas UQ9 is found in rodents and worms, and UQ10 in humans. In 

addition, UQ9 is a minor, rare form in humans while UQ10 is the minor form in mice. The 

quinone head is the functional group, which undergoes reversible redox cycling, whereas the 

isoprenoid tail serves primarily to anchor ubiquinone in the membrane (Crane, 2001). It is 

not yet well understood why different species make ubiquinone molecules with different tail 

lengths. Studies have shown that UQ species with different tail lengths can functionally 

substitute each other, at least partially, highlighting that the side chain length of UQ is not 

essential for its functions (Okada et al., 1998, Hihi et al., 2003).

Eukaryotic cells rely on endogenous synthesis for adequate UQ supply. To date, 11 nuclear 

genes have been identified in the budding yeast S. cerevisiae as being essential for 

endogenous production of UQ6. Nine genes are designated COQ1 through COQ9 to indicate 

a deficiency in Coenzyme Q (UQ) (Tran and Clarke, 2007, Ozeir et al., 2011). In addition, 

Pierrel and colleagues (Pierrel et al., 2010) recently discovered a new function of yeast 

ferredoxin and ferredoxin reductase (encoded by YAH1 and ARH1) in UQ6 biosynthesis. 

Mutants for all these genes are deficient in the production of UQ6 and incapable of growing 

on non-fermentable carbon sources, because UQ is necessary for mitochondrial respiration 

(Tran and Clarke, 2007). Fig. 2 illustrates the current model for the UQ6 biosynthesis 

pathway in budding yeast. The first committed step is assembly and elongation of the 

isoprenoid tail catalyzed by the Coq1p enzyme. Coq2p mediates the second step, which is 
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the condensation of the isoprenoid tail with a quinone ring precursor, thus generating the 

first membrane-bound UQ precursor. 4-hydroxybenzoate (4-HB) is the long-known ring 

precursor of UQ (Tran and Clarke, 2007). Recently, two independent studies have identified 

para-aminobenzoic acid (pABA) as another precursor of the ubiquinone ring in budding 

yeast (Pierrel et al., 2010, Marbois et al., 2010). pABA differs from 4-HB only by one 

substituent of benzoic acid, an amine (NH2) rather than a hydroxyl group (OH). It is 

converted into UQ via the same UQ biosynthetic pathway, but needs an additional step(s) to 

replace NH2 by OH at C4. It has been speculated that pABA is likely a precursor of UQ 

only in yeast (Pierrel et al., 2010). E. coli mutants deficient in 4-HB lack UQ synthesis. 

Treatment of mammalian cells with pABA resulted in a decrease in UQ levels.

After the attachment of the isoprenoid tail to one of the two basic ring structures (4-HB or 

pABA), the ring moiety is subjected to a series of modifications. Coq6p catalyzes the first 

ring modification, hydroxylation at the position C5 of the benzoquinone ring (Ozeir et al., 

2011). Coq3p carries out two different O-methylation reactions. Coq5p is required for the 

only C-methylation step. Coq7p is responsible for the penultimate step introducing the last 

hydroxyl group (Miyadera et al., 2001, Jonassen et al., 1998). In addition, the C5-

hydroxylation is deficient in yeast cells depleted for Yah1p or Arh1p (Pierrel et al., 2010); 

however, the exact mechanisms by which these two genes affect UQ6 biosynthesis are not 

understood.

Biosynthesis of UQ8 in E. coli relies on ten different ubi genes (ubiA-ubiH). Compared to 

the UQ6 biosynthetic pathway in budding yeast, the order of reactions of ring modification 

in E. coli is slightly different. In E. coli the steps following the fusing of the octaprenyl side 

chain onto the ring intermediate 4-HB are decarboxylation, hydroxylation and methylation 

rather than hydroxylation, methylation and then decarboxylation (Meganathan, 2001). E. 
coli ubi mutants are devoid of UQ8 and accumulate distinct intermediates depending on 

which reaction is affected (Gibson and Young, 1978, Meganathan, 2001). In contrast, full 

loss-of-function yeast coq3 to coq9 mutant strains accumulate the same earlier intermediate, 

3-hexaprenyl-4-hydroxybenzoate (HHB) when grown in the presence of 4-HB, or 3-

hexaprenyl-4-aminobenzoic acid (HAB) when making use of pABA as a ring precursor 

(Pierrel et al., 2010, Marbois et al., 2010, Tran and Clarke, 2007). On the basis of these and 

other findings, in particular the dependence of several Coq proteins on each other for theirs 

stability, and the co-migration of several of these as a high molecular mass complex, a model 

of a large UQ biosynthetic complex which involve most Coq proteins has been proposed for 

yeast (Tran and Clarke, 2007). The model suggests that no Coq enzyme that modifies the 

UQ ring can function outside the complex and all Coq polypeptides are necessary for the 

stability of the complex. The details of the organization of the complex, however, have not 

been resolved.

In addition to the Coq proteins that have been assigned a specific catalytic function, the 

exact molecular functions of Coq4p, Coq8p and Coq9p, have not yet been fully elucidated. 

Coq8p has been postulated to function as a kinase and to play a regulatory role in UQ 

biosynthesis (Leonard et al., 1998). Over-expression of Coq8p in yeast “ coq5, “ coq6, or 

“ coq7 strains allows for accumulation of the substrate of the missing enzyme, suggesting 

that overexpression of Coq8p prevents the complex to fall apart (Xie et al., 2012, Ozeir et 
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al., 2011, Padilla et al., 2009). Moreover, it has been shown that the low steady-state levels 

of several other Coq proteins that are observed in “ coq2-7 and “ coq9-10 strains can be 

restored by Coq8p overexpression (Zampol et al., 2010, Xie et al., 2012). These findings 

indicate that Coq polypeptides are stabilized and the Coq polypeptide complex is restored in 

the presence of more Coq8p. However, the molecular mechanisms that underpin these 

observations remain to be clarified. No enzymatic function is known for Coq4p and it has 

been proposed to function in the assembly and/or maintenance of the UQ biosynthetic 

complex (Marbois et al., 2005, Marbois et al., 2009). “ coq4 yeast cells in which Coq8p is 

overexpressed were shown to have a deficiency in the O5-methylation catalyzed by Coq3p, 

as well as an impairment in at least one other step downstream of the earliest Coq3p-

dependent reaction (Xie et al., 2012). In the case of mutants lacking Coq9p, overexpression 

of Coq8p leads to the accumulation of UQ biosynthetic intermediates diagnostic of 

insufficient activity of both Coq6p and Coq7p enzymes (Xie et al., 2012). How Coq4p and 

Coq9p influence the activities of other COQ proteins remains to be determined (Johnson et 

al., 2005, Xie et al., 2012). Unlike other coq mutants, a yeast coq10 null mutant produces 

near normal amounts of UQ6 but like the others, it is also respiration-defective. Thus it is 

held that Coq10p is not involved in UQ biosynthesis but instead required for the proper 

function of UQ6 in the respiratory chain (Barros et al., 2005). Over-expression of Coq8p 

increases UQ6 synthesis 2-fold and partially rescues the respiratory defect of coq10 null 

mutations (Barros et al., 2005). However, an excess of Coq10p itself has an adverse effect on 

respiration (Zampol et al., 2010).

Functional conservation of the UQ Biosynthetic Pathway

Homologues of yeast COQ genes have been identified in a range of higher organisms 

including worms, rodents and humans (Table 1). In C. elegans, eight genes have thus far 

been identified to be involved in UQ biosynthesis (Hihi et al., 2002, Asencio et al., 2003, 

Ewbank et al., 1997). Among them, the function in UQ biosynthesis has been clearly defined 

only for CLK-1 (the orthologue of Coq7p). clk-1 mutations were identified in a genetic 

screen for mutations that affect developmental and behavioral timing in C. elegans (Wong et 

al., 1995), and the unusually long lifespan of these mutants has attracted considerable 

attention. C. elegans CLK-1 was later shown to be a homolog of yeast Coq7p (Ewbank et 

al., 1997). In yeast, mutation of the COQ7 gene results in a lack of UQ6 production. In 

contrast to deletions, coq7 point mutants, which result in normal levels of a defective 

polypeptide, were found to accumulate DMQ6, the intermediate immediately preceding the 

missing step, presumably due to sufficient integrity of the UQ6 biosynthetic complex 

provided by the normal levels of the mutant polypeptide (Padilla et al., 2004). Like the yeast 

mutant, clk-1 mutant worms contain essentially no UQ9 (the main UQ species in C. 
elegans), but instead accumulate large quantities of DMQ9 (Miyadera et al., 2001, Jonassen 

et al., 1998), confirming conservation of COQ7/CLK-1 function in UQ biosynthesis. As for 

the other seven genes (coq-1 to coq-6 and coq-8) that were identifed by their high sequence 

similarity to the yeast COQ genes (30%–47% identity) (Asencio et al., 2003), homozygous 

knockout result in larval lethality or arrest and thus stable knockout lines could not be 

obtained (Gavilan et al., 2005, Earls et al., 2010, Asencio et al., 2009, Hihi et al., 2002). This 

hinders full elucidation of the biochemical functions of these genes in worms. For coq-1 to 
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coq-6, so far the best experimental evidence supporting their participation in UQ 

biosynthesis is provided by the results of an RNAi knockdown study. Placido Navas and 

colleagues showed that upon feeding wild-type nematodes with dsRNA of C. elegans coq 
genes (coq-1 to coq-8), UQ9 content in whole worm homogenates was decreased to 

approximately 10 to 50 percent of the control value (Asencio et al., 2003, Rodriguez-

Aguilera et al., 2003). Two weeks after removal from dsRNA exposure, global UQ9 content 

had return to normal levels (Asencio et al., 2003). In addition, a more recent study on coq-8 
knockout progeny from heterozygous hermaphrodites showed that UQ9 content in coq-8 
knockout individuals (F1) is ~7% of that found in wild type controls, providing strong 

evidence for an important role of coq-8 in UQ biosynthesis in worms (Asencio et al., 2009). 

The small amount of UQ remaining in this mutant has been interpreted as indicating that the 

presence of the COQ-8 protein is not an absolute requirement for de novo biosynthesis of 

UQ, thus suggesting a non-catalytic role of COQ-8. This is in agreement with a proposed 

regulatory role for Coq8p on UQ6 biosynthesis in yeast. However, considering possible 

transfer of COQ-8 protein or mRNA from coq-8+/− hermaphrodite mothers to homozygous 

offspring as has been reported for CLK-1/COQ-7 (Burgess et al., 2003), one cannot rule out 

the possibility that trace amount of maternally-derived COQ-8 is sufficient to allow the 

coq-8−/− F1 worms to retain some UQ biosynthetic activity. Of the eight coq genes 

identified so far, only coq-5 and clk-1 cDNAs were cloned and shown to complement the 

UQ6 synthesis defect of their corresponding yeast coq null mutants (Rodriguez-Aguilera et 

al., 2003, Ewbank et al., 1997). The functional conservation of the others awaits 

experimental verification.

By sequence homology and functional complementation, mammalian homologues of all of 

the yeast COQ genes have also been identified. Except for the enzymes carrying out the 

function of Coq1p, mammalian homologues are named COQ2-COQ10, based on their yeast 

homologues. Human COQ2 (Mollet et al., 2007), COQ3 (Jonassen and Clarke, 2000), 

COQ4 (Casarin et al., 2008), COQ6 (Heeringa et al., 2011), COQ7 (Vajo et al., 1999), 

COQ8 (Xie et al., 2011), and COQ9 (Duncan et al., 2009) cDNAs have been shown to 

partially complement budding yeast mutants in corresponding genes. In the budding yeast S. 
cerevisiae, the side-chain length of ubiquinone is determined by the Coq1p hexaprenyl 

diphosphate synthase (Tran and Clarke, 2007). The human, murine and S. pombe prenyl 

diphosphate synthases are heterotetramers of two protein subunits rather than monomeric 

enzymes as in budding yeast (Coq1p) and E. coli (IspB) (Saiki et al., 2005). The genes 

encoding these subunits are designated Pdss1 and Pdss2 in mice, and PDSS1 and PDSS2 in 

humans. Amino acid sequence alignment shows Pdss1 and PDSS1 to be highly similar to the 

S. pombe homolog SpDps1 (30–49.0%) and the homodimeric prenyl diphosphate synthases 

from other organisms such as budding yeast, bacteria, and the plant A. thaliana. They also 

bear all seven conserved regions found in all known trans-prenyl diphosphate synthases 

(Saiki et al., 2005). In contrast, the subunits 2 (mouse Pdss2 and human PDSS2) have 

limited similarity to the S. pombe homolog SpDlp1 and the long-chain trans-prenyl 

diphosphate synthases from other organisms (Saiki et al., 2005). Cells expressing either 

subunit alone do not synthesize UQ9 or UQ10, demonstrating that both subunits are required 

to constitute a viable enzyme (Saiki et al., 2005, Mollet et al., 2007). It has also been 
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reported that heterologous combination of the two subunits of prenyl diphosphoate synthase 

such as mouse Pdss1-human PDSS2, can produce a functional enzyme (Saiki et al., 2005).

Orthologous UQ biosynthetic genes in mice and humans share a high degree of sequence 

homology in coding regions (the overall identity is more than 60%). Studies have been 

initiated to better understand the functions of these genes and UQ biosynthesis defects in 

whole animals using genetic knockout mouse models. To date, three knockout mutants at 

different steps in the UQ biosynthetic pathway have been reported. All of them, Pdss2 (Peng 

et al., 2008), Coq3 (Jérôme Lapointe, 2012) and Mclk1/COQ7 (Levavasseur et al., 2001), 

display an embryonic lethal phenotype when both alleles are deleted. Mclk1−/− (Levavasseur 

et al., 2001, Nakai et al., 2001) and Pdss2−/− (Lu et al., 2011) mice fail to survive past 

embryonic day 12.5. Quinone analysis showed that Mclk1/Coq7-null cells and embryos 

make no UQ9 but instead accumulate the expected UQ precursor DMQ9, (Levavasseur et al., 

2001, Nakai et al., 2001). Mouse mutants heterozygous for a mutation in Mclk1 or Coq3 
were found to have a normal viability and not differ from wild type mice in overall 

appearance (Lapointe and Hekimi, 2008, Jérôme Lapointe, 2012). They have normal tissue 

levels of UQ9 despite a 2-fold reduction in protein levels (Jérôme Lapointe, 2012, Lapointe 

and Hekimi, 2008), which is in line with findings in other systems. For example, when 

whole cell lysates were analyzed, yeast diploid strains harboring heterozygous deletions of 

coq2 or coq6 and human fibroblasts from heterozygous carriers of a PDSS2 mutation were 

found to have UQ levels comparable to that of wild type controls (Salviati et al., 2012). It 

seems that most COQ enzymes, under normal conditions, are synthesized in excess over the 

amounts needed for the proper level of UQ synthesis. Surplus production that may allow for 

the fine regulation of an enzyme activity is not uncommon for key cellular enzymes. One 

proposed post-translational modification of yeast COQ proteins is phosphorylation (Xie et 

al., 2011, Tauche et al., 2008, Martin-Montalvo et al., 2011). However, phosphorylation of 

their mammalian homologues has not been reported. Interestingly, recent works revealed 

that haploinsufficiency of Mclk1/Coq7 or COQ4 impairs UQ biosynthesis (discussed in 

sections below), underscoring a more rate-limiting role in UQ production for some pathway 

constituents.

Advances in conditional gene targeting provide the tools to bypass the early embryonic 

lethality of essential genes and establish mouse models disrupting UQ biosynthetic genes in 

a developmental stage- and tissue-specific fashion. Detailed characterization of these models 

will further our understanding on the synthesis and utilization of UQ in mammals and 

possibly reveal unexpected roles for these genes in whole animal physiology. Peng and 

colleagues have described mice with liver-specific inactivation of the Pdss2 gene generated 

by Cre-lox technology. These animals were produced by deletion of conditional (floxed) 

Pdss2 alleles using Cre expression driven by the liver-specific albumin promoter. UQ9 is 

barely detectable in the Pdss2 mutant liver, confirming the essential function of Pdss2 for 

murine UQ biosynthesis (Peng et al., 2008). Other conditional knockout mice targeting 

different UQ biosynthesis genes can be expected to be developed in the near future and yield 

new insights into UQ biology.
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Structural Conservation of COQ Proteins

Domain and motif identification for several COQ proteins has revealed some interesting 

features about them. Both yeast and human COQ2 proteins are predicted to contain six 

transmembrane domains suggestive of integral membrane localization (Forsgren et al., 2004, 

Ashby et al., 1992). In addition, putative polyprenyl diphosphate substrate-binding sites have 

been identified in the protein products in both species, consistent with their prenyltransferase 

function in UQ biosynthesis. The sequence of this site in human COQ2 is 60% identical 

with that of the equivalent site in yeast Coq2p (Forsgren et al., 2004). Conserved motifs 

identified in a large family of AdoMet(S-adenosylmethionine)-dependent methyltransferases 

are found in the amino acid sequences of yeast Coq3p as well as rat and human COQ3 gene 

products which catalyze two different O-methylation reactions (Poon et al., 1999, Jonassen 

and Clarke, 2000). Inspection of the amino acid sequence for CLK-1/COQ7 from a variety 

of species revealed the existence of a carboxylate-bridged diiron center in this enzyme 

(Stenmark et al., 2001), and we have demonstrated that the enzymatic activity of CLK-1/

MCLK1/COQ7 is sensitive to iron availability (Wang et al., 2009). Spectroscopic 

characterization of purified MCLK1 protein has provided experimental data showing there 

exists such a diiron centre as the active site for dioxygen activation and 

demethoxyubiquinone hydroxylation (Behan and Lippard, 2010). For Coq4p, Coq8p and 

Coq10p, the functions of which have not yet been clearly defined, the analysis of protein 

sequences has helped understanding their roles in the UQ biosynthetic pathway. The 

sequence of Coq4p contains no catalytic domains indicative of an activity necessary for 

formation of a substituted benzoquinone ring, thus a speculation is made that Coq4p plays a 

structural role in the UQ6 biosynthetic pathway (Marbois et al., 2009). The crystal structure 

of a cyanobacteria protein homologue to Coq4p has been solved (Schwede et al., 2003). 

Interestingly, geranylgeranyl monophosphate, which is a polymer of four isoprenoid units, 

cocrystallized with the Coq4p homolog, Alr8543 from Nostoe sp. PCC7120. This 

information was used to propose that Coq4p functions to anchor UQ intermediates to the 

inner mitochondrial member by its isoprenoid tail units (Rea et al., 2010).

Yeast Coq8p (Leonard et al., 1998), its human homologue ADCK3 (Lagier-Tourenne et al., 

2008) as well as bacterial homologue UbiB (Poon et al., 2000), belong to an atypical kinase 

family, harboring motifs characteristic of eukaryotic-type protein kinases (ePK). Yeast coq8 
mutants were found to lack several phosphorylated forms of Coq3p, Coq5p and Coq7p (Xie 

et al., 2011, Tauche et al., 2008). Expression of human ADCK3 in yeast coq8 mutants 

rescues both UQ6 synthesis and phosphorylation of yeast COQ polypeptides, establishing a 

conserved function of Coq8p/ADCK3 in UQ biosynthesis (Xie et al., 2011). In yeast, as 

described above, deletion of any of the COQ1-COQ9 genes results in the absence of several 

of the other Coq polypeptides (Tran and Clarke, 2007). Over-expression of COQ8 has 

recently been found to stabilize the steady state levels of several Coq proteins in coq null 

mutants and its kinase activity seems to be important for the effect (Xie et al., 2012, Zampol 

et al., 2010). Thus these findings point to the possibility that Coq8p/ADCK3-dependent 

phosphorylation(s) might serve to regulate the stability of the UQ biosynthetic pathway 

constituents, and probably also their activity levels. However, to date, the phosphorylation of 

the mammalian COQ proteins has not been examined, nor has an effect of altered ADCK3 
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levels on their stability and activity been addressed. At the present time, obviously, we have 

more questions than answers about the function of Coq8p in yeast and ADCK3 in human 

UQ biosynthesis. In particular, do they directly phosphorylate COQ protein substrates? How 

is the stability and activity of a particular COQ protein controlled by its phosphorylation 

state? What is the biological significance of such regulation? Identification of 

phosphorylation sites and mutagenesis studies will be helpful in addressing some of these 

questions. Martín-Montalvo and colleagues showed that mutagenesis of putative 

phosphorylation sites in yeast COQ7 indeed influences the amount of Q6 and DMQ6 

produced. In addition, the phosphorylation state of Coq7p appears to be affected by changes 

in the metabolic state of yeast cells, supporting the notion that phosphorylation is a means of 

regulating UQ biosynthetic activity in response to metabolic needs (Martin-Montalvo et al., 

2011). Based on the homology between Coq10p and members of the steroidogenic acute 

regulatory protein-related transfer (START) domain superfamily, which contains a 

distinctive lipid-binding motif, Barros and colleagues hypothesized that Coq10p might bind 

to UQ and function in UQ trafficking (Barros et al., 2005). Consistent with their prediction, 

they found that UQ6 was present in histidine-tagged Coq10p purified from a coq10 
overexpressing yeast strain (Barros et al., 2005). Surprisingly, exogenous UQ2 can fully 

rescue a coq10 mutant (Barros et al., 2005), indicating that Coq10p is not essential for the 

transport of exogenous UQ to the functional sites of UQ in the electron transport chain, at 

least in the case of a short side-chain form. In mammals, there are two isoforms of Coq10p 

homologue (Coq10a and Coq10b in mice, COQ10A and COQ10B in humans) resulting 

from alternative splicing. Expression of the human COQ10A cDNA rescues the respiration-

deficient phenotype of yeast “ coq10 mutants, confirming conservation of function of 

COQ10 throughout eukaryotes (Cui and Kawamukai, 2009).

In summary, UQ biosynthetic proteins appear well-conserved across species. Except for 

COQ1, which is responsible for the first committed step, all the COQ genes encoding 

proteins involved in the final phase of UQ6 biosynthesis in the budding yeast S. cerevisiae 
have clear orthologues in animals. For most of these genes, genetic complementation studies 

have demonstrated functional conservation from budding yeast to human. Though the ring 

modification reactions starting with the prenylation of a benzoquinone ring precursor are 

similar to those in budding yeast, the order of reactions in the mammalian system has not 

been unambiguously established. Furthermore, the interactions between the pathway 

constituents and the modes of regulation of UQ biosynthesis are likely to be different. COQ 
genes from eukaryotes could not be readily expressed into soluble and active enzymes in E. 
coli (Poon et al., 1999) and thus far very few of them have been purified. This hampers the 

studies of exploring the chemical mechanisms of COQ-catalyzed reactions, the structural 

and functional relationship of COQ enzymes and the interactions of pathway constituents. In 

the future, further improvements in protein production and purification techniques may 

enable in vitro reconstitution of the UQ biosynthetic pathway and full elucidation of the 

enzymatic mechanisms and the sequence of events.

The UQ Biosynthetic complex

All products of the yeast COQ genes are localized to the mitochondrial inner membrane 

(IMM). Coq1p and Coq3p-Coq9p polypeptides are peripherally associated with the inner 

Wang and Hekimi Page 8

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2014 June 11.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



membrane on the matrix side, whereas Coq2p spans the IMM and Coq10p is an integral 

membrane protein as well (Tran and Clarke, 2007, Barros et al., 2005). Typical 

mitochondrial leader sequences are found at the N-terminus of most of the yeast Coq 

polypeptides, and it has also been demonstrated for most of them that their transport into the 

inner membrane requires the membrane potential “ È (Tran and Clarke, 2007). In the case of 

higher eukaryotic homologues, a mitochondrial leader sequence has been identified in 

mouse MCLK1/COQ7. The import of MCLK1 requires the leader sequence but, 

surprisingly, not the mitochondrial membrane potential (Jiang et al., 2001). In the N-

terminal region of human COQ3 protein many basic and hydroxylated residues are found, 

but not acidic amino acids. These features are consistent with a classic mitochondrial 

targeting sequence (Jonassen and Clarke, 2000). No specific amino acid residues for a 

classical N-terminal import signal could be identified in human COQ2 protein, but it was 

shown that the first 50 amino acids from the N-terminus are required to rescue the growth 

defect of yeast “ coq2 mutant on glycerol respiratory medium (Forsgren et al., 2004). 

Advanced sequence analysis as well as more expression and functional studies can be 

expected in the near future which will advance our understanding of the production and 

processing of mature COQ proteins in animal cells. Given the high homology throughout 

eukaryotes, the final localization of COQ proteins in higher organisms is likely to be 

essentially the same as that of their yeast homologues, which is the IMM, although this has 

not yet been confirmed by fractionation experiments. For the proteins that have been studied, 

i.e. CLK-1/MCLK1 (Jiang et al., 2001) and mouse COQ3 (Jérôme Lapointe, 2012), they are 

found, as predicted, to be enriched in mitochondrial fractions.

The localization of COQ proteins tells us that UQ biosynthesis is carried out in 

mitochondria, but several studies have questioned whether mitochondria are the exclusive 

origin of newly synthesized UQ (Kalen et al., 1990, Teclebrhan et al., 1995, Kalen et al., 

1987, Tekle et al., 2002). Although it is particularly enriched in mitochondria, UQ can be 

found in practically all membranes, including those of the Golgi apparatus and lysosomes, 

which are relatively rich in UQ, but UQ is also present in smaller amounts in other defined 

cellular locations including the ER, the plasma membrane and the peroxisomes (Morre and 

Morre, 2011). The broad localization of UQ and its differential distribution within the cell 

indicate that a mechanism must be in place to route UQ to various cellular membranes in a 

controlled manner. To date, almost no information is available on how UQ gets transported 

from its site of synthesis to other membranes and how the occurrence of UQ in various 

cellular compartments is regulated.

As previously mentioned, it has been proposed that in budding yeast several Coq 

polypeptides are organized into a large complex for proper activity. This kind of 

organization may be necessary for efficient channeling of UQ biosynthetic intermediates. 

Whether or not a similar complex exits in animals has not been resolved. Yeast Coq7p is a 

component of the UQ biosynthetic complex as evidenced by accumulation of the early 

intermediate HHB (the Coq2p product) in coq7 null cells cultured in the presence of 4-HB 

(Marbois and Clarke, 1996) rather than DMQ6 as in a mutant harboring a single amino acid 

point mutation (Padilla et al., 2004). Most likely the presence of mutant COQ7 protein in the 

point mutant prevents the UQ biosynthetic protein complex to fall apart. However, in 

contrast to the yeast “ coq7 mutant, clk-1/COQ7 C. elegans and mouse Mclk1 knockout 
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mutants accumulate DMQ9, the substrate of the missing enzyme, indicating that the UQ 

biosynthetic pathway before the CLK-1/MCLK1 step is functional and active (Stepanyan et 

al., 2006). This could be an indication that UQ biosynthesis in worms and mice does not 

occur via a biosynthetic complex of COQ proteins. However, it remains possible that there is 

a complex as in yeast, but its composition is different or the complex is more robust and less 

susceptible to fall apart when one of its components is missing. Interestingly, a recent study 

on Coq8p found that yeast “ coq9 strain with Coq8p overexpression lack Coq4p and Coq7p 

and are capable of manufacturing DMQ6 (Xie et al., 2012). This indicates that thanks to 

extra Coq8p the UQ synthetic pathway in budding yeast, as in animal cells even without 

overexpression of COQ8, can be held in place when some constituents (e.g. Coq7p) are 

missing.

Substrate specificity of COQ Enzymes

COQ enzymes appear to have broad substrate specificity. As noted above, expression of 

COQ genes from higher eukaryotes such as hCOQ3 (Jonassen and Clarke, 2000), hCOQ6 
(Heeringa et al., 2011), and hCOQ7 (Vajo et al., 1999) can restore UQ6 synthesis in the yeast 

mutants missing their respective homologues. In addition, expression of different types of 

prenyl diphosphate synthases in a yeast coq1 mutant results in formation of UQs with side 

chains of different lengths (5–10) (Okada et al., 1998). Clearly, ring modification enzymes 

are not specific in terms of the number of isoprene units on their substrates. In addition, in 

vitro enzymatic assays on mitochondrial membrane-enriched fractions showed that the 

budding yeast and human COQ3 enzymes all can methylate both eukaryotic substrates and 

the distinct prokaryotic substrate (Jonassen and Clarke, 2000), suggesting a low degree of 

specificity of the Coq3p/COQ3 enzyme. Substrate promiscuity of the product of the COQ2 
gene was demonstrated with respect to both polyprenyl donor substrates and aromatic 

substrates. Functional complementation experiments show unequivocally that human COQ2 

protein can utilize a shorter prenyl tail and thus restore UQ6 synthesis in a yeast “ coq2 
mutant (Forsgren et al., 2004). Moreover, it was shown that upon incubation with 

decaprenyl-PP (decaprenyl diphosphate) which is the preferred substrate of human COQ2 

yeast cells can synthesize a small amount of UQ10 (Forsgren et al., 2004). As discussed 

above, more recently, it was discovered that Coq2p prenylates both 4-HB and pABA and the 

resulting products, HHB and HAB respectively, are subsequently converted into UQ6 using 

the same enzymes that we have been discussing (Marbois et al., 2010, Pierrel et al., 2010)

(Fig. 2). This low specificity of COQ enzymes has inspired searching for 4-HB-like 

molecules that can be processed in the UQ biosynthetic pathway. Two recent studies 

demonstrated that indeed biosynthetic blocks at Coq6p and Coq7p can be bypassed by 

providing yeast cells with hydroxylated 4-HB (Ozeir et al., 2011, Xie et al., 2012). It would 

be of great interest to test whether supply of non-native substrates has a similar effect in a 

mammalian system as such compounds could have potential therapeutic uses in treating 

human UQ deficiencies that involve these enzymatic steps.

UQ Biosynthetic Mutants

A number of animal mutants have been described in which different components of the UQ 

biosynthetic pathway are altered or eliminated (see above). In the next section, we review 
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the phenotypes of these mutants in animal models and humans. Interestingly, mutations that 

disrupt different UQ biosynthetic genes give rise to different patterns of phenotypes, despite 

the fact that in all these mutants the same biosynthetic pathway is affected.

Caenorhabditis elegans coq mutants

From available data it appears that complete block of UQ biosynthesis in C. elegans is not 

viable, with the exception of the clk-1/coq-7 knockout. F2 homozygous coq-3(qm188) 
mutants issued from F1 coq-3(qm188)/coq-3(qm188) hermaphrodites die during larval 

development (Hihi et al., 2002). Gavilan and colleagues also reported that homozygous F1 

coq-1(ok749) mutants arrested development during the L1/L2 larval stage and exhibited 

progressive paralysis associated with the malfunction of pharyngeal muscles and poor 

feeding (Gavilan et al., 2005). Similar phenotypes were also found in a coq-2 deletion 

mutant (the ok1066 allele) but to a lesser extent (Gavilan et al., 2005). In contrast, Earls and 

colleagues described that coq-1(ok749) mutants were slow-growing but able to develop to at 

least the L3 stage with a few adult escapers, and in their study a paralyzed phenotype and 

abnormal pharyngeal pumping were not observed (Earls et al., 2010). In the same paper, the 

authors also reported that the coq-1(ok749) mutant as well as coq-1 RNAi-treated worms 

rather developed progressive loss in motor coordination and selective death of GABA 

neurons. The neuron degenerative phenotype was also observed in homozygous 

coq-2(ok1066) and coq-3(ok506) worms and appeared responsive to UQ10 feeding. The 

authors thus conclude that UQ depletion is the primary pathogenic event causing GABA 

neuron death and the movement defect (Earls et al., 2010). Most of the progeny produced by 

coq-4(qm143)/coq-4(qm143) hermaphrodites die during embryogenesis. However, F1 

coq-4(qm143) homozygotes issued from heterozygous mothers can grow to adulthood where 

they display uncoordinated movements, or even paralysis, and defective egg-laying (our 

unpublished data). A null mutation in the coq-6 gene is also reported to be lethal in C. 
elegans (http://www.shigen.nig.ac.jp/c.elegans/mutants/DetailsSearch?

lang=english&seq=3369). F2 coq-8(ok840) homozygotes issued from F1 homozygote 

hermaphrodite mothers die during embryonic development with a few escapers which die at 

the first larval stage (Asencio et al., 2009). Asencio and colleagues have characterized 

homozygous F1 worms produced by the heterozygotes of the deletion allele coq-8(ok840) 
and showed that F1 knockouts have slow growth, defective gonad maturation, reduced 

gamete production and severe abnormalities in the hypodermis. Embryo production and 

development was improved most noticeably when both UQ8 and uridine were included in 

the food source. This indicates that pyrimidine biosynthesis, which requires ubiquinone 

cycling in the respiratory chain, is impaired and this may contribute to the reproduction 

defects (Asencio et al., 2009).

Unlike the coq mutants described above, clk-1/coq-7 worms are viable, fertile and long-lived 

despite the fact that, like the others, they are defective in endogenous UQ biosynthesis 

(Wong et al., 1995, Ewbank et al., 1997). Timing of a wide range of behavioral and 

physiological processes is deregulated in clk-1 mutants; they exhibit a lengthening of 

embyronic and post-embryonic development, an extended cell cycle period, slowed rhythmic 

behaviors (such as defecation and pharyngeal pumping), and reduced brood dize (Felkai et 

al., 1999, Wong et al., 1995). clk-1 mutants need UQ in their diet in order to complete larval 
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development and produce progeny. When fed a diet devoid of UQ, the animals no longer 

exhibit the pleiotropic long-lived phenotype. Instead, they arrest development as L2 larvae or 

develop into sterile adults when developing from dauer larvae (Hihi et al., 2002, Jonassen et 

al., 2001). The profound phenotype on UQ8-less bacteria is consistent with early 

developmental arrest and sterility of null mutations in other UQ-biosynthetic genes, 

indicating an essential requirement for UQ during development and reproduction. Isolation 

of tRNA suppressors of the missense mutation clk-1(e2519) also strongly argues for a 

mandatory requirement of UQ for worm survival and growth. Extensive mutagenesis screens 

were conducted to identify mutations that suppress the slow growth rate of clk-1 worms on 

UQ-replete bacteria or suppress the growth arrest and/or sterility on UQ-deficient bacteria 

on both the qm30 (a partial deletion) and e2519 (a Glu148Lys substitution) backgrounds. 9 

suppressors were indentified and all of them suppress the mutant phenotypes on both UQ-

replete and UQ-deficient bacteria. Strikingly, they are all specific to e2519, and none of 

them could suppress any phenotypes of clk-1(qm30) mutants. Six of them were cloned and 

all encode tRNAGlu genes whose anticodons were altered to read the substituted Lys codon 

of clk-1(e2519). Thus it appears that the growth phenotypes of clk-1 can only be repaired by 

restoring some CLK-1 production, which in turn is restoring at least some UQ biosynthesis 

activity, which shows that UQ is indeed a ‘must-have’ for animal life.

Curiously, the clk-1/coq-7 mutant is the only coq mutant that can be maintained as a 

homozygous line. All other coq mutants described so far are lethal, even on a UQ8-replete 

diet. What unique feature(s) renders the clk-1 mutant viable under these conditions still 

remains a mystery. The large amount of DMQ9 present in clk-1 mutants but not in the other 

mutants most likely determine this key aspect of the Clk-1 phenotype. On the other hand, 

Arroyo and colleagues reported detection of a small amount of UQ9 in purified clk-1 
mitochondria and proposed that the existence of UQ9 of unknown origin could contribute to 

explain some aspects of the Clk-1 phenotypes such as the ability to grow and reproduce on 

UQ8-replete OP50 diet (Arroyo et al., 2006). DMQ differs from UQ only by missing one of 

the two methoxy groups (Fig. 1). Whether it is capable of fulfilling (or interfering with) 

some of the functions of UQ and thus underlies some of the Clk-1 phenotypes is still 

uncertain today. clk-1 mitochondria have mildly decreased mitochondrial respiration 

(Branicky et al., 2000, Kayser et al., 2004). It is likely that the dietary UQ transported to 

clk-1 mitochondria (Arroyo et al., 2006, Yang et al., 2009) support electron transport in the 

respiratory chain. However, an effect(s) of DMQ is also possible and could be significant. 

Cultured embryonic cells (ES) from Mclk1/COQ7 knockout mice, which produce DMQ9 in 

place of UQ9, are fully viable and possess significant respiratory activity, suggesting a 

functional role of DMQ9 in the respiratory chain (Levavasseur et al., 2001). Studies on yeast 

coq-7 mutants, however, concluded that DMQ6 does not support respiration (Padilla et al., 

2004). Jonassen and colleagues reported that the levels of another quinone species, 

rhodoquinone (RQ9), were elevated in clk-1 mutants (Jonassen et al., 2002). Rhodoquinone 

(RQ) is structurally very similar to UQ, with the only distinction of the substituent attached 

to the C5-position of the quinone ring (an amino group in RQ and a methoxy group in UQ) 

(Brajcich et al., 2009). RQ is important for anaerobic respiration. Some parasitic species, 

when inside of a host where oxygen availability is limited, rely on RQ to function as an 

electron carrier between complex I and fumarate reductase, thus enabling cells to continue to 
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generate ATP via oxidative phosphorylation (Tielens, 1994). The possibility that clk-1 
mutants rely on RQ for respiration has been discussed (Jonassen et al., 2002). It should be 

noted that RQ is not found in mammals, thus the mitochondrial respiration in Mclk1−/− ES 

cells (Levavasseur et al., 2001) can only be explained by the ability of DMQ9 to substitute 

for the role of UQ9 in the electron transport chain. By having the same function as UQ, 

DMQ may possibly compete with UQ in the mitochondrial respiratory chain if both quinone 

species are present in the same mitochondria. Consistent with this thinking, a recent study 

(Yang et al., 2011) has found that mitochondria depleted of quinones and then replenished 

with exogenous UQ9 and DMQ9 displayed a lower activity of complex I–III as compared to 

those replenished with UQ9 alone. Complex II–III activity, however, was not significantly 

affected by the addition of DMQ9 which could be interpreted as indicating DMQ9 has no or 

poorer activity at complex II. These results agree with previous findings that clk-1 
mitochondria display a decrease in complex I-dependent respiration but normal complex II 

respiration, leading the authors to hypothesize a causative role of inhibition by DMQ in the 

complex I-dependent defect (Kayser et al., 2004, Yang et al., 2009). It is worth noting that 

very crude pentane extracts from clk-1 mitochondria were used as DMQ9 source. Further 

research is needed to confirm DMQ9, rather than other clk-1 specific compounds in these 

extracts, accounts for the observed inhibitory effect on complex I–III. The tRNA suppressors 

of clk-1(e2519) described above were found to restore endogenous UQ9 biosynthesis only to 

a small extent. Their predominant quinone species is still DMQ9 and produce very small 

amounts of UQ9, much less than the amount of UQ8 obtained exogenously (Branicky et al., 

2006). It would also be of interest to determine whether those suppressor mutants restore a 

wild type respiration. A full suppression would suggest that endogenously-synthesized UQ 

molecules are much more effective at driving electrons than bacterial UQ8 and can more 

readily outcompete DMQ. If the low respiration phenotype were not suppressed by the small 

amount of UQ9 it would suggest that the Clk-1 phenotypes are unrelated to the rate of 

respiration but to some other aspect of UQ function (see below). Investigation of other 

functions of DMQ9 showed that DMQ9 is not an effective antioxidant for H2O2 (Padilla et 

al., 2004). Outside of mitochondria, DMQ9 was detected in nematode plasma membrane 

where it appears inactive in redox reactions. (Arroyo et al., 2006).

Interestingly, most Clk-1 phenotypes, including defecation rate, pharyngeal pump and 

lifespan, are fully rescued in the tRNA suppressors of clk-1(e2519), despite a very low level 

of restoration of CLK-1 production and UQ biosynthesis. (Branicky et al., 2006). Therefore, 

a deficit of endogenous UQ rather than the presence of DMQ is important for induction of 

the mutant phenotypes. It remains to be determined how the Clk-1 phenotypes are related to 

various functions of UQ. Alternatively, the high degree of rescue could be due to restoration 

of other function(s) of CLK-1. Several lines of evidence have raised the possibility that in 

addition to the biosynthesis of UQ, CLK-1 might have other functions in C. elegans (Hihi et 

al., 2003, Wang et al., 2009). In particular, the missense e2519 mutant exhibits a less severe 

phenotype than the qm30 and qm51 null mutant, despite the fact that both mutants have 

complete absence of endogenous UQ9 and accumulate the same amounts of DMQ9 (Hihi et 

al., 2003). Analysis of various suppressors has showed many aspects of the Clk-1 

phenotypes can be uncoupled from each other (Branicky et al., 2006, Branicky et al., 2001), 
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indicating downstream mechanism underlying different phenotypes and involving different 

cells and tissues.

Mouse UQ biosynthesis mutants

As noted above, three knockout mutants in the UQ biosynthesis pathway have been 

described so far. For all three genes, Mclk1/Coq7 (Levavasseur et al., 2001), Coq3 (Jérôme 

Lapointe, 2012) and Pdss2 (Peng et al., 2008), homozygous knockout mutants cannot be 

born alive, suggesting an essential function of UQ in mouse embryonic development. Our 

lab has characterized Mclk1+/− and Coq3+/− mice and revealed striking phenotypic 

differences between them. Both mutants look superficially wild-type and show normal tissue 

levels of ubiquinone (Lapointe and Hekimi, 2008, Jérôme Lapointe, 2012). However, 

Mclk1+/− mice have been found to harbor a variety of phenotypes that do not appear in 

Coq3+/− mutants (Jérôme Lapointe, 2012), such as respiratory chain deficiency, decreased 

ATP production, higher mitochondrial oxidative stress, increased expression of HIF-1 alpha, 

longer life span, etc. (Lapointe and Hekimi, 2008, Wang et al., 2010). Aiming to explore a 

possible causal link between MCLK1 function in UQ biosynthesis and mutant phenotypes, 

we have evaluated the UQ levels in mitochondrial membrane fractions and discovered a 

decrease in the IMM (inner mitochondrial membrane) coupled with an elevation in the 

OMM (outer mitochondrial membrane) (Jérôme Lapointe, 2012). This local deficiency of 

UQ in the IMM, which is hidden from detection when UQ is quantified in crude 

mitochondrial fractions, is the most likely underlying cause of the phenotypic abnormalities 

seen in Mclk1+/− mutant mice. The same measurements were carried out with Coq3+/− mice, 

and all were found to be normal (Jérôme Lapointe, 2012), indicating that the MCLK1 step is 

more rate-limiting in UQ biosynthesis. The findings with Mclk1+/− mice also suggest a rate 

limiting role of UQ in mitochondrial function since a mild reduction in UQ level in the IMM 

appears sufficient to induce mitochondrial dysfunction which in turn leads to several 

phenotypic consequences. The increase in UQ levels in the OMM might be linked to the 

antioxidant functions of UQ. It is likely that low level of UQ in the IMM of Mclk1+/− 

mutants increases oxidative stress by partially inhibiting electron transport. It is well known 

that under oxidative stress, cells will take protective measures to ensure their survival, such 

as increasing the levels of an antioxidant such as UQ. Thus elevation of UQ levels in the 

OMM of Mclk1+/− mutants might be a protective response to reduce oxidative damage to the 

OMM and/or reduce ROS leakage from the mitochondria to the cytoplasm. The mechanism 

by which the mitochondria increase UQ levels in the OMM is unknown but could be based 

on slower turnover or slower export of UQ (Jérôme Lapointe, 2012).

In recent years, several conditional knockout mice of the Pdss2 gene have been generated by 

Cre/Lox technology. Liver specific knockout of Pdss2 generated by crossing the floxed 

Pdss2 (Pdss2loxP) mice with mice carry a Cre transgene driven by the liver-specific albumin 

promoter have been reported to look overly normal despite demonstration that their livers 

appear to contain no detectable UQ9. Surprisingly though, the mitochondrial respiratory 

capacity of Pdss2 mutant liver is only moderately impaired, suggesting that there is a high 

level of tolerance of liver respiratory capacity to UQ deficiency (Peng et al., 2008). 

Mitochondrial oxidative stress in the Pdss2 knockout livers was assayed by measuring the 

activity of the superoxide-sensitive enzyme aconitase and no elevation was observed as well 
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(Falk et al., 2011). Peng and colleagues have shown that glomerular podocyte-specific 

deletion of Pdss2 in mice recapitulates a fatal kidney disease similar to that observed in 

human patients with a defective PDSS2 gene (Peng et al., 2008). Lu and colleagues have 

described two Pdss2 conditional knockout mouse lines in which the Pdss2 gene has been 

ablated specifically in the cerebellum. Pdss2loxP/-, Pax2-Cre mice, which develop a targeted 

deletion of Pdss2 in the midbrain-hindbrain region at embryonic day E9.5, developed severe 

cerebellar hypoplasia and died within the first 36h of life. However, upon targeted knockout 

of Pdss2 in cerebellar Purkinje cells after birth, mice gradually lose Purkinje cells and only 

develop cerebellar ataxia at old age (Lu et al., 2011). A more recent study has described 

conditional Pdss2 knockouts targeted to dopaminergic neurons (Ziegler et al., 2011). Those 

mice were shown to manifest some major features of Parkinson’s disease, such as severely 

reduced motor coordination and depletion of tyrosine hydroxylase-positive (TH+) neurons in 

the substantia nigra (Ziegler et al., 2011). All these models are valuable to delineate the 

tissue-specific pathogenesis of UQ deficiency.

Primary UQ deficiency in humans

Profound UQ10 deficiency due to a genetic defect in ubiquinone biosynthesis has been 

identified in a small number of human patients. This particular type of clinical disorder has 

been classified as primary UQ deficiency (OMIM 607426), as opposed to secondary 

deficiency that occur in the course of other diseases (e.g. Parkinsonism’s and Huntington’s 

diseases, and cancer) (Mancuso et al., 2009, Artuch et al., 2009) or is caused by mutations in 

genes unrelated to UQ biosynthesis (Artuch et al., 2009), for example, in the electron-

transferring-flavoprotein dehydrogenase gene (ETFDH) causing myopathy (Gempel et al., 

2007), or the B-Type Raf Kinase (BRAF) gene causing cardiofaciocutaneous syndrome 

(Aeby et al., 2007). Since a disease-causing mutation in the UQ biosynthesis pathway was 

first described by Quinzii in 2006 (Quinzii et al., 2006), more than 20 distinct pathogenic 

mutations in 7 different COQ genes have been identified worldwide. Table 2 lists all the 

mutations reported so far and the clinical features of the human patients carrying these 

lesions. These inborn errors of UQ biosynthesis are associated with a wide spectrum of 

clinical abnormalities, including nephrotic syndrome, encephalomyopathy, ataxia, and Leigh 

syndrome which is characterized by lactic acidosis, seizures, loss of motor skills, and 

progressive degeneration of the brain (for review, see (Quinzii and Hirano, 2010, Artuch et 

al., 2009, Trevisson et al., 2011, Hirano et al., 2012). Most primary UQ deficiency patients 

present with multisystem diseases, underscoring an essential role of UQ in normal cellular 

functions.

Age of onset, clinical manifestations, disease progression and response to UQ10 therapy vary 

greatly among these cases. This clinical heterogeneity is best illustrated by the patients that 

all harbor a mutation in the COQ2 gene yet are seemingly phenotypically divergent. The 

first patient was noted to have nystagmus at age 2 months and developed a severe steroid-

resistant nephrotic syndrome, progressive encephalomyopathy, hypotonia, seizures and other 

symptoms at 12–18 months, whereas his young sister sharing a homozygous missense 

mutation in COQ2 developed nephrotic syndrome at 12 month of life without any clinical 

signs of neurological involvement (Diomedi-Camassei et al., 2007, Quinzii et al., 2006). 

Later, 4 additional patients who bore different COQ2 mutations were described and 2 of 
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them presented with neonatal multi-organ disorders and died within 12 days after birth 

(Diomedi-Camassei et al., 2007, Mollet et al., 2007). The considerable heterogeneity in the 

clinical expression of UQ10 biosynthetic defects could be reflective of differences in the 

residual activities of the affected proteins and thus of variable degrees of UQ shortage. 

Moreover, there remains the possibility of other functions of COQ proteins in addition to the 

biosynthesis of UQ. Furthermore, it is reasonable to suspect that some UQ biosynthetic 

intermediates and defective COQ proteins may have some biological activities, which could 

contribute to the variation in clinical manifestations of different molecular defects. For 

example, Mollet and colleagues, studying one of the COQ2 patients, reported that RT-PCR 

on patient fibroblasts yielded an abnormal and shorter COQ2 transcript. Whether it produces 

a mutant protein with some residual or altered function remains to be discovered (Mollet et 

al., 2007).

The patients with mutations in UQ biosynthesis enzymes that are phenotypically affected are 

born to healthy parents and some of them have siblings with the same rare disease, 

suggesting an autosomal recessive mode of inheritance. Since heterozygous carriers are 

phenotypically normal, it is generally assumed that heterozygous deletion of a UQ 

biosynthetic gene does not affect de novo UQ production significantly. The UQ10 content in 

fibroblasts obtained from the parents of a patient carrying different mutations in the two 

copies of PDSS2 (compound heterozygotes) was indeed found to be normal (Salviati et al., 

2012). But, interestingly, a recently reported 3-year-old patient with a 3.9MB deletion at 

chromosomal location 9q34.13, encompassing the COQ4 gene, was found to have a 50% 

reduction in COQ4 mRNA expression and a marked reduction in UQ synthesis (Salviati et 

al., 2012). In this patient halpoinsufficiency of COQ4 was associated with the deletion of a 

large number of other contiguous genes in the affected region, which makes it difficult to 

identify an actual causal relationship between the reduction in COQ4 and UQ synthesis and 

the patient’s phenotypes. However, the authors of the study have also shown that COQ4 

siRNA-treated Hela cells as well as a wt/” coq4 diploid yeast strain also display a defect in 

cellular UQ content thus providing a compelling evidence for a significant effect of COQ4 

halpoinsufficiency on the cellular amount of UQ10 (Salviati et al., 2012). It is noteworthy 

that the clinical symptoms of the patient with COQ4 deficiency are different from that 

reported in the patients with mutations in other COQ genes. After being put on oral UQ10 

supplementation, the patient showed significant clinical improvements, indicating that the 

primary pathogenic mechanism is indeed related to UQ deficiency (Salviati et al., 2012). 

More definitive information on the pathogenesis of COQ4 heterozygosity awaits the 

characterization of animal mutants in which a single COQ4 allele is inactivated. As 

discussed earlier, the molecular function of Coq4p has been not been elucidated. Future 

studies with partial deletion mutants of COQ4 will be useful in dissecting COQ4 function in 

UQ biosynthesis.

Among the clinical manifestations of primary UQ deficiency, the most frequently 

encountered features are encephalomyopathy, nephropathy, and cerebellar ataxia (Hirano et 

al., 2012, Mancuso et al., 2009, Quinzii and Hirano, 2010, Rahman et al., 2011, Rotig et al., 

2007). These features have been interpreted as indicating that skeletal muscle, cerebellum 

and kidney have a relatively higher susceptibility to damage under conditions of UQ 

deficiency, probably because of a relatively low safety margin of UQ content. A study of UQ 
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distribution in rat brain showed that endogenous UQ9 level in the cerebellum is the lowest 

compared to seven other regions (Naini et al., 2003). If the same holds true for the human 

brain, it would mean that the cerebellum might be relatively more sensitive to reduced UQ 

biosynthesis, which would in turn explain why cerebellar ataxia appears to be common in 

human UQ10 deficiency, both primary and secondary (Rotig et al., 2007). Curiously, the two 

patients with Pdss1 mutations have no sign of kidney disease (Mollet et al., 2007). What 

allows them to escape renal disease is unknown.

Supplementation with oral UQ10 has been shown to be effective in the individuals with 

mutations in PDSS1, COQ2, COQ4, COQ6 or COQ8/ADCK3 (Mollet et al., 2007, 

Diomedi-Camassei et al., 2007, Heeringa et al., 2011, Mollet et al., 2008, Salviati et al., 

2012). However, the patients born with defective PDSS2 or COQ9 genes did not response to 

UQ10 and died despite UQ10 treatment (Lopez et al., 2006, Duncan et al., 2009). One of the 

causes of treatment failure might have been a more advanced disease status at the time of the 

beginning of treatment, considering the effectiveness of a replacement treatment will depend 

on the percentage of salvageable cells remaining in the affected tissues. Uptake and 

utilization of exogenous UQ10 in various tissues have been studied in rodents. The relevance 

of these studies with regard to UQ10 replacement therapy for UQ deficiency diseases is 

uncertain, considering that the pharmacokinetics of UQ10 supplementation in the animals 

with normal UQ content may be very different from those in patients with UQ deficiencies.

Pathogenesis of UQ deficiency

UQ is essential for optimal functions of several cellular processes, and its biosynthesis is 

complex, involving a series of steps and many genes. This may at least partially explain the 

phenotypic diversity and variability associated with mutations in the UQ biosynthetic 

pathway. The biochemical alterations that have been observed in UQ deficient mutants 

include respiratory chain defects, altered ROS metabolism, increased apoptosis, impaired 

nucleotide metabolism, and enhanced mitochondrial autophagy (Lopez-Martin et al., 2007, 

Rodriguez-Hernandez et al., 2009, Di Giovanni et al., 2001, Asencio et al., 2009, Lapointe 

and Hekimi, 2008, Kayser et al., 2004, Hirano et al., 2012). The best characterized among 

these is the effect on mitochondrial respiration. The current understanding is that UQ 

diffuses freely within the inner mitochondrial membrane and behaves as a single 

homogeneous pool passing electrons from donors (dehydrogenases) to acceptors (complex 

III) (Lenaz and Genova, 2009). Lenaz and colleagues have proposed that the size of the UQ 

pool also dictates the amount of quinone molecules bound within supercomplexes of the 

respiratory enzymes (Lenaz and Genova, 2007). Studies of the saturation kinetics of UQ 

have suggested that physiological UQ content is not saturating for maximal activity of 

complex I but possibly is for succinate oxidation by complex II (Lenaz and Genova, 2007). 

Thus, suboptimal ubiquinone production should impair electron transport in the respiratory 

chain, compromising the mitochondrial bioenergetic capacity. Indeed, as noted in a section 

above, we have recently revealed that Mclk1+/− mitochondria exhibit a small reduction in 

inner membrane UQ (Jérôme Lapointe, 2012) and this defect induces a significant 

impairment of mitochondrial function (Lapointe and Hekimi, 2008). In vitro studies on 

fibroblasts from UQ10 deficiency patients have also been informative. These studies reported 

decreased activities of UQ-dependent enzymes (e.g. complexes I+III or complex II+III) in 
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several patient cell lines with varying severities of UQ deficiency (Quinzii et al., 2008, 

Diomedi-Camassei et al., 2007, Mollet et al., 2007, Quinzii et al., 2006, Lopez et al., 2006, 

Quinzii et al., 2010) and suggested a positive correlation between the severity of the 

bioenergetic defects and the extent of UQ deficit (Quinzii et al., 2010, Quinzii et al., 2008). 

As noted above, surprisingly, mouse liver seems capable of maintaining relatively robust 

respiratory chain activities with a substantially low level of UQ9, which can be deduced 

from the finding that Pdss2 knockout livers, which contain undetectable amounts of UQ9, 

still sustain 60% to 80% of the wild type respiratory capacity (Peng et al., 2008). A 49% 

average reduction in complex I-dependent respiration was described for permeabilized 

skeletal muscle fibers prepared from B6. Pdss2kd/kd missense mutant mice. However muscle 

UQ levels were not measured in these mutants (Ziegler et al., 2011). This seemingly high 

tolerance of the liver to UQ deficiency could be related to a relatively moderate level of 

respiration in this organ and thus a low requirement for UQ in hepatocyte respiration.

Reduced respiratory chain activities inhibit ATP synthesis, which could in turn compromise 

cellular functions. Less ATP generation was noted in Mclk1+/− mice (Lapointe and Hekimi, 

2008) and patients’ fibroblasts harboring mutations in COQ genes (Lapointe and Hekimi, 

2008, Quinzii et al., 2008, Quinzii et al., 2010). The other aspect of the functional 

consequences of UQ deficiency that has long been considered is altered oxidative stress 

levels. UQ plays an essential role both in ROS generation and in antioxidant defense. In 

animals, UQ is the only endogenously produced lipophilic antioxidant preventing oxidative 

damage by directly sequestering free radicals or by regenerating other antioxidants (i.e. 

vitamin E and C) (Navas et al., 2007). UQ also acts as a pro-oxidant mainly through the 

semiquinone intermediate formed during electron transport activity (Nakamura and Hayashi, 

1994). Singly reduced semiquinone is believed to be capable of donating its free electron to 

oxygen at complex III, leading to formation of superoxide anion which is the precursor of 

other damaging oxygen species (Nakamura and Hayashi, 1994, Rigoulet et al., 2010, 

Turrens, 2003). Yeast coq null mutants were shown to have heightened sensitivity to 

treatment with the polyunsaturated fatty acids (PUFAs) ±-linolenic or linoleic acid, mainly 

owning to a lack of UQ antioxidant activity required to protect against the toxic effects of 

the autoxidation products of PUFAs (Poon et al., 1997, Do et al., 1996). In animal cells 

which have a complex and robust antioxidant system, composed of a number of interrelated 

antioxidant compounds and enzymes, low UQ levels would be expected to induce 

compensatory anti-oxidant responses that can offset a negative effect of UQ deficiency on 

antioxidant protection. For example, increased SOD activity has been reported in UQ 

biosynthetic pathway mutants Mclk1+/− mice (Lapointe and Hekimi, 2008) and patient cell 

lines with UQ10 deficiency (Quinzii et al., 2010). Further research is needed to dissect the 

potential importance of reduced UQ antioxidant capacity in the pathophysiology of UQ 

deficiency. There is a hypothesis that lower levels of UQ in old age and resulting decreased 

OXPHOS and antioxidant capacity contribute to age-dependent decline of normal tissue 

functions, However, there is no direct evidence yet supporting this notion and justifying 

routine UQ10 supplementation for combating aging and age-related diseases (Gruber et al., 

2008).

The precise effect of UQ deficiency on ROS production is not well understood. Recent 

studies quantitating ROS production in patient fibroblasts with varying severity of UQ10 
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deficit have presented a very interesting relationship between UQ10 levels and ROS 

production (Quinzii et al., 2008, Quinzii et al., 2010, Quinzii et al., 2012). They showed that 

COQ2 mutant fibroblasts with moderate deficiency (30–50% UQ10) produce maximal 

oxidative stress (Quinzii et al., 2008, Quinzii et al., 2010), whereas PDSS2 (Quinzii et al., 

2008), COQ9 mutant fibroblasts (Quinzii et al., 2010) with more severe deficiency (<20% of 

normal) or COQ8/ADCK3 mutant cells with residual UQ10 levels (>60%) show no 

overproduction of ROS or oxidative damage (Quinzii et al., 2012, Quinzii et al., 2010). 

Furthermore, upon treatment with 4-nitrobenzoate (4-NB), a substrate competitor of COQ2, 

wild-type fibroblasts produce 40–50% residual CoQ10 which is associated with increased 

oxidative stress and reduced viability, while COQ8/ADCK3 mutant cells show significant 

increases in ROS when their UQ10 levels were reduced from more than 50% to less than 

50% of the wild-type level (Quinzii et al., 2012). Elucidating the mechanism of this 

apparently bell-shaped relationship between the degree of UQ deficiency and the level of 

mitochondrial ROS may shed some light on the dynamics of mitochondrial ROS generation. 

Unstable semiquinone, formed at the ubiquinol oxidation centre (Qo) of the complex III, is 

long thought to be a source of electrons for oxygen reduction, though its relative importance 

in generating ROS is still controversial. A reduction in UQ-pool size is expected to lead to 

increased UQ redox cycling, producing more pro-oxidant semiquinone. However, in a severe 

UQ-deficient state, significant overproduction of semiquinone is unlikely to occur and 

therefore possibly there is no increased superoxide production from semiquinones. Complex 

I is thought to be another principle point of electron leakage in the respiratory chain (Lenaz, 

2001). Inefficient electron transfer would maintain complex I at a reduced state and thus 

create a condition that facilitate superoxide production. Along the same line of thinking, this 

is likely to occur when UQ deficiency is severe enough to affect the electron transport out of 

complex I but is not too severe to reduce the functional activity of complex I dramatically. It 

is worth noting that in UQ-depleted mitochondria, Complex I is able to produce oxygen 

radicals at a rate comparable with the enzyme in reconstituted mitochondria containing large 

excess of UQ10, indicating UQ is not required for ROS production at complex I (Genova et 

al., 2001). More recently, new developments in supercomplexes have proposed new insights 

into the mechanisms of ROS generation and the pathophysiology of oxidative stress. 

Supercomplexes are massive protein structures formed by various respiratory enzymes. As 

opposed to random collisions of the individual complexes, the advantage of such 

organization is a more efficient electron transfer and thereby restricted ROS generation 

during electron transfer reactions (Genova et al., 2005, Winge, 2012, Seelert et al., 2009). It 

is possible that under condition of severe UQ depletion, in order to sustain sufficient energy 

production, the mitochondrial respiratory chain may augment the electron transport via the 

respiratory supercomplexes, producing less ROS. Alternatively, UQ deficiency could be 

expected to reduce the antioxidant defense capacity in the mitochondrial membranes which 

could, in turn, have damaging effects on supercomplexes. As proposed by Lenaz and 

Genova, under condition of oxidative stress a loss of supercomplex organization occurs, 

which could lead to loss of efficient electron channeling and destabilization of complex I, 

both of which would decrease respiratory function and induce ROS generation (Genova and 

Lenaz, 2011). Furthermore, as noted above, UQ deficiency may induce compensatory 

antioxidant defense mechanism such as upregulation of superoxide dismutase (SOD). The 
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extent of such compensation may vary depending on the severity of UQ deficiency and 

affects a cell’s ability to cope with increased oxidative stress.

Whether a similar bell-shaped relationship can be found in other models of UQ deficiency 

remains to be explored. To date, there are only few reports on ROS levels in UQ deficient 

animals. Previous research from our lab (Yang and Hekimi, 2010) has reported elevated 

production of mitochondrial ROS in clk-1 mutants and it appeared to be necessary and 

sufficient to increase longevity. Also, as noted in a section above, higher mitochondrial ROS 

was found in Mclk1+/− mice but no in Coq3+/− mice. ROS damages various cellular 

components and uncontrolled elevations of oxidative stress are capable of having global 

pathogenic effects. Besides, ROS also functions as a signaling molecule in a variety of 

biological processes (D’Autreaux and Toledano, 2007, Veal et al., 2007, Rhee, 2006). The 

question of how and in what cellular context resultant disturbance of ROS metabolism 

accounts for the phenotypic consequences of UQ deficiency is intriguing as well as 

challenging.

Besides the effects on mitochondrial function, a report from Lopez-Martin and colleagues 

showed that UQ10 deficiency due to COQ2 mutations also adversely affects the biosynthesis 

of pyrimidine presumably because of an inhibitory effect on the fourth step of the 

pyrimidine biosynthetic pathway (oxidation of dihydroorotate) which requires UQ as a 

cofactor (Lopez-Martin et al., 2007). Moreover, in the same mutant COQ2 cells plus other 

UQ10-less fibroblasts isolated from patients with undefined molecular defects, evidence of 

autophagy has been found (Rodriguez-Hernandez et al., 2009). Gene expression analysis 

revealed that autophagic genes are also upregulated in liver-conditional Pdss2 knockout mice 

(Peng et al., 2008). An important future aspect of these studies would be to demonstrate 

whether these alterations are common features of UQ deficiency and their possible 

pathogenic roles in UQ10 deficient status.

There is likely to be a great variation in tissue sensitivity to a UQ biosynthetic defect. Not 

only the threshold levels for UQ deficiency in individual cells required for the expression of 

various cellular dysfunctions are likely to vary, but also different cells may have variable 

sensitivity to resultant biochemical dysfunctions such as ATP deficit and elevated production 

of ROS. For example, it has been suggested that tissues with high energy demands (e.g. 

muscle tissues) might be more sensitive to OXPHOS failure. And, a high sensitivity of 

neuronal cells to free-radical damage has been described (Borek, 2004). The prevalence of 

muscle and CNS involvement in human UQ deficiency disease might in part reflect a 

relatively higher susceptibility of these two tissues to mitochondrial dysfunction. Tissue 

specific effects of UQ deficiency are best demonstrated in a study on Pdss2 conditional 

knockout mice showing that podocyte-specific deletion of Pdss2 recapitulates a fatal kidney 

disease but has no effect when targeted to renal tubular epithelium or monocytes (Rahman et 

al., 2011). The key factors underpinning the particularly high sensitivity of podocytes to a 

Pdss2 mutation are not yet clear. Last but not least, there is still an ongoing research effort to 

understand the unique phenotypic features of particular mutation in UQ biosynthetic 

pathway genes, which could yield new information on the functions of COQ proteins as well 

as UQ biosynthesis and metabolism. Studies on various model organisms as well as on 

Wang and Hekimi Page 20

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2014 June 11.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



human patients will pave the way for better understating the requirements for UQ and for 

developing more rational and effective UQ10 therapies.
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Figure 1. The chemical structure of ubiquinone (UQ)
UQ, also called coenzyme Q (CoQ), is composed of a redox-active benzoquinone ring, 

conjugated to a polyisoprenoid tail that varies in length in different species. The numerical 

subscript n denotes the number of isoprene subunits in the tail. Yeast and E. coli utilize UQ6 

and UQ8 respectively, whereas UQ9 is found in rodents and worm and UQ10 is the major 

UQ species in humans. Numbers in red refer to position of carbon atoms in the quinone ring. 

Addition of two electrons to oxidized UQ results in the full reduction of UQ.
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Figure 2. Schematic illustration of the UQ biosynthetic pathway in the yeast S. cerevisiae
The pathway starts with assembly and elongation of the isoprenoid tail catalyzed by the 

enzyme Coq1p (not shown). Coq2p mediates the condensation of the isoprenoid tail with 

either one of two basic ring structures, para-hydroxybenzoate (4-HB) or para-aminobenzoate 

(pABA), producing 3-hexaprenyl-4-hydroxybenzoate (HHB) and 3-hexaprenyl-4-

aminobenzoic acid (HAB) respectively. The basic ring moiety then undergoes a series of 

modifications to produce UQ. Enzymes required for 5 of the 7 modifications are shown in 

blue. A question mark (?) indicates that the protein catalyzing the reaction has yet to be 

identified. NH2 from pABA and C4-aminated intermediates are shown in red. NH2-to-OH 

conversion is thought to takes place prior to demethoxyubiquinone (DMQ6) formation. The 

intermediates that have been detected in yeast coq mutants are shown in brackets. They 

include HHB and HAB in “ coq3-9 mutants (Tran and Clarke, 2007, Pierrel et al., 2010, 

Marbois et al., 2010), 3-hexaprenyl-4-hydroxyphenol (4-HP) and 3-hexaprenyl-4-

aminophenol (4-AP) in “ coq6 overexpressing Coq8p and in mutant cells deficient in Yalh1 

or Ahr1 (Ozeir et al., 2011), 3-hexaprenyl-4-amino-5-hydroxybenzoic acid (HHAB) in 

“ coq4 cells overexpressing Coq8p and in the “ coq4-1 point mutant (Xie et al., 2012), 

Demethyl-DMQ6 (DDMQ6) in “ coq5 overexpressing Coq8p (Xie et al., 2012), DMQ6 in a 

coq7 point mutant (Padilla et al., 2004, Marbois et al., 2010), yeast cells with partial 

inactivation of Coq7p (Pierrel et al., 2010) and “ coq7 mutants overexpressing Coq8p (Xie et 

al., 2012); only minute amounts of 4-amino-DMQ6 (IDMQ6) were found in wild type yeast 

cells and in the coq7-1 point mutant as well as in “ coq6 and “ coq9 cells overexpressing 

Coq8p (Xie et al., 2012) Asterisks indicate compounds that are the main intermediates 

detected when either 4-HB or pABA are provided as ring precursors. Coq8p is a putative 

kinase, believed to have a regulatory role in UQ6 biosynthesis. Deletion of COQ8 affects the 

phosphorylation states of Coq3p, Coq5p and Coq7p (Xie et al., 2011, Tauche et al., 2008). In 

addition, Coq4p and Coq9p (not shown) are also required for UQ6 biosynthesis, although 

their precise roles remain to be elucidated (Tran and Clarke, 2007).
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