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ABSTRACT OF THE DISSERTATION 

 

Characterizing the stabilizing effect of the putative kinase Coq8 and the function of the Coq9 

polypeptide in yeast coenzyme Q biosynthesis 

!
by 
 

Cuiwen He 

Doctor of Philosophy in Biochemistry & Molecular Biology 

University of California, Los Angeles, 2015 

Professor Catherine F. Clarke, Chair 

Coenzyme Q (Q) is an essential lipid in cellular energy metabolism, but its biosynthesis is not 

fully understood. Q functions as an electron carrier in the mitochondrial respiratory chain and as 

a lipid-soluble antioxidant. Q biosynthesis in yeast Saccharomyces cerevisiae requires a multi-

subunit Coq polypeptide complex composed of the Coq3−Coq9 polypeptides, but the function of 

several Coq polypeptides is unknown, including Coq9. Deletion of any of the COQ3−COQ9 

genes leads to the decreased steady state of other Coq polypeptides. The over-expression of the 

putative kinase, Coq8, in some of the yeast coq null mutants, restored steady state levels of Coq 

polypeptides to near wild-type levels and led to the production of late-stage Q intermediates.  In 

this dissertation, the following chapters summarize four projects on Q biosynthesis: Chapter 2 

investigates whether Coenzyme Q6 supplementation or over-expression of Coq8 stabilizes high 

molecular mass Coq polypeptide complexes. Based on our findings, we proposed a new model 

for the complex, which we called the CoQ-synthome. In Chapter 3, the characterization of Coq9 

function is described. We conclude that Coq9 is required for the function of Coq6 and Coq7 and 
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for the removal of the nitrogen substituent from Q-intermediates derived from para-

aminobenzoic acid. The functional role of human Coq9 in Q10 biosynthesis is not understood. In 

Chapter 4 we found that human COQ9 rescues the growth of a temperature-sensitive yeast coq9 

mutant, TS19, on non-fermentable carbon source and increases the content of Q6, possibly by 

increasing the Q biosynthesis from 4-hydroxybenzoic acid (4HB). Chapter 5 demonstrates that 

para-coumarate is a ring precursor for Q biosynthesis in E. coli, S. cerevisiae, and human cells. 

This work aids our understanding of Q biosynthesis and suggests new approaches that may 

enhance Q biosynthesis and function in human disease.  
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Chapter 1 

Introduction to Coenzyme Q and its Biosynthesis 
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What is Coenzyme Q? 

Coenzyme Q (ubiquinone, CoQ or Q) is a lipid that present in all eukaryotes and α- β- 

and γ-proteobacteria (1). Q was first discovered in mitochondria, but it also presents in 

endoplasmic reticulum, Golgi apparatus, lysosomes, peroxisomes, nuclear envelope and plasma 

membrane (2-4). It is composed of a redox active benzoquinone ring and a polyisoprenyl tail, 

which anchors Q to cellular membranes (5). Q is located in the membrane midplane and its head 

group oscillates across the membrane (6). The quinone head group provides redox function. 

Ubisemiquinone radical (QH!) is produced when Q accepts one electron and one proton, and 

ubiquinol (QH2) is produced when the second electron and proton are accepted. The 

benzoquinone ring is conserved, while the length of the polyisoprenoid side chain varies in 

different organisms; for example, Saccharomyces cerevisiae has six isoprene units (Q6), 

Escherichia coli has eight units (Q8), and humans have ten subunits (Q10) (5). Q can be found in 

the forms of Ubiquinone-1 to Ubiquinone-11 (7-9). The quinone part of Q is thought to be more 

important than the side chain for Q function. It has been shown that Q9 can replace the function 

of Q8 in E. coli and there are no functional differences of Q5−Q10 in complementation in yeast 

(10-12). However, different organisms do prefer their original Q species and tail length may 

affect Q function (12-14). It was speculated that there is correlation between the side chain 

length of Q and the hydrophobicity of the organism’s membrane (12).  

 Q plays an essential role as an electron carrier in the mitochondrial respiratory chain by 

accepting electrons from Complex I and Complex II and donating electrons to Complex III. 

Complex I (rotenone-sensitive NADH-ubiquinone oxidoreductase) oxidizes NADH and reduces 

Q with the coupling of proton translocation from the matrix to the mitochondrial intermembrane 

space (15). Different from bacteria and most eukaryotes, S. cerevisiae and many other yeasts use 
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rotenone-insensitive NADH-ubiquinone oxidoreductase instead of complex I and there is no 

proton translocation coupling (16). Complex II (succinate:quinone oxidoreductase) oxidizes 

succinate to fumarate and transfers electrons to Q, but it does not translocate protons (15). Next, 

QH2 transfers electrons to cytochrome c at complex III (the cytochrome bc1 complex) through 

the Q cycle. Complex III contains a di-heme cytochrome b, cytochrome c1, and an iron-sulfur 

protein known as the Rieske protein. At the positive side of the membrane (center P), ubiquinol 

(QH2) is oxidized. One electron is transferred from QH2 to the 2Fe:2S cluster of the Rieske 

protein, resulting the formation of ubisemiquinone radical anion (Q−!
P), which immediately 

reduces the low potential heme of cytochrome b (heme bL). In this process, two protons are 

released to the outer P side of the membrane and two electrons transferred. One of these 

electrons is transferred to cytochrome c from the Rieske protein and the other one is transferred 

to the high potential heme of cytochrome b (heme bH), where it reduces Q to form (Q−!
n) at the 

negative side of the membrane, N side. At this point, the first half of the Q cycle is completed. 

The process above is repeated when a second QH2 is oxidized; however, heme bH reduces the 

Q−!
n to QH2 and two protons are consumed from the inner side of the membrane at the last step, 

and this is the second half of the Q cycle. In summary, each Q cycle results in the oxidation of 

one QH2, reduction of two molecules of cytochrome c, consumption of two protons on the N side 

of the membrane and release of four protons on the P side of the membrane (17).  

 Another important function of Q/QH2 is its role as the only lipid soluble antioxidant that 

is synthesized endogenously (3). QH2 interferes both the initiation and propagation of lipid 

oxidation and protects proteins and DNA from the damage caused by oxidative stress (3).  Q is 

synthesized abundantly in every cell and is reduced continuously, so it can respond to oxidative 

stress immediately and effectively (3,18). Furthermore, Q regenerates vitamin E from α-
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tocopheroxyl radical (19).  

Q also has many other functions (18). By scavenging free radicals Q inhibits apoptosis ; 

Q also prevents apoptosis independent of free radicals by inhibiting mitochondrial permeability 

transition pore opening (20). Q is a cofactor for fatty-acid-dependent proton transport by 

uncoupling proteins, UCP1, UCP2, and UCP3 (21,22). Q has inducible effects on NFκ B-

regulated genes, which are important in inflammatory response (23). Q regulates the 

physicochemical properties of membranes, it modulates the amount of h2-integrins on the 

surface of blood monocytes, it improves the endothelial dysfunction, it oxidizes sulfide in yeast, 

and it introduces disulfide bonds in bacteria (19). 

 

The biosynthesis of Coenzyme Q 

 The Q biosynthesis pathway is highly conserved in different organisms, and the yeast S. 

cerevisiae has been an important model to study Q biosynthesis. In S. cerevisiae, 4-

hydroxybenzoate (4-HB) and para-aminobenzoic acid (pABA) are two known aromatic 

precursors of the head group of Q (24,25). Different organisms produce 4-HB from different 

sources: animals produce 4-HB from tyrosine, E. coli utilizes chorismate, and yeast uses either 

tyrosine or shikimate (25). pABA is a precursor of folates and it is derived from chorismate in E. 

coli and yeast (26). The precursor for the polyisoprenoid side chain of Q is farnesyl-PP, a 

molecule produced from acetyl-CoA in the mevalonate pathway (27).  

Eleven gene products are required in Q biosynthesis in S. cerevisiae: Coq1−Coq9, Arh1, 

and Yah1, and yeast with deletion of any of the COQ1−COQ9 genes fail to synthesize Q and are 

not able to respire (24,28). The functions of Coq1, Coq2, Coq5, Coq6, and Coq7 have been 

identified and their involvement in the Q biosynthesis pathway is described in Figure 1.  
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Coq1 is a polyprenyl diphosphate synthase, which synthesize the polyisoprenoid side 

chain of Q and determines the length of the polyprenyl tail in different organisms (10). Coq1 is 

peripherally associated with the inner membrane facing the matrix side in yeast mitochondria 

(29). Coq1 has homologs in various organisms. In E. coli, the octaprenyl-diphosphate synthase, 

IspB, froms a homodimer to catalyze the synthesis of the side chain (30). In Arabidopsis 

thaliana, solanesyl diphosphate synthase, SPS1, is a homomeric enzyme that synthesizes the 

polyisoprenoid side chains in the ER, which are transferred to the mitochondria for Q 

biosynthesis (31). Coq1 homologs function as heterotetramer in some organisms: PDSS1 and 

PDSS2 are the subunits in the polyprenyl diphosphate synthases of fission yeast, mouse, and 

human (28).  

Coq2, the 4-HB polyprenyltransferase, is an integral membrane protein in the inner 

mitochondrial membrane and it transfers the polyisoprenoid side chain to the ring precursors, 

generating the intermediates 3-hexaprenyl-4-aminobenzoic acid (HAB) (with pABA as 

precursor) or 3-hexaprenyl-4-hydroxybenzoic acid (HHB) (with 4-HB as precursor). Coq2 does 

not have specificity for the lengths of the polyprenyl tails (32). S. cerevisiae Coq2 has homologs 

in E. coli (encoded by ubiA), S. pombe (encoded by ppt1), A. thaliana (encoded by AtPPT1),  

and Homo sapiens (encoded by COQ2) (32-36). 

In S. cerevisiae, Coq3−Coq9 form a Q biosynthetic complex that is associated 

peripherally with the inner membrane on the matrix side and catalyzes the rest of the steps in Q 

biosynthesis (37). Coq6 (UbiI in E. coli) is a flavin-dependent monooxygenase that catalyzes the 

C5-hydroxylation reaction (38,39). Ferredoxin Yah1 and ferredoxin reductase Arh1 are required 

as electron donors for Coq6’s function (40). FDX1L and FDXR are the human homologs of 

Yah1 and Arh1 respectively. They provide electrons to CQO6 but are also involved in other 
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pathways in human (41). Coq3  (UbiG in E. coli) catalyzes the O-methylation at both the C5 and 

C6 positions using S-adenosylmethionine as the methyl donor (42,43). Coq5 (UbiE in E. coli) 

catalyzes the C2-methylation reaction on 2-methoxy-6-polyprenyl-1,4-benzoquinone, generating 

2-methoxy-5-methyl-6-polyprenyl-1,4-benzoquinone (42,44). Coq7 (clk-1 in C. elegans) 

functions as a 5-demethoxyubiquinone hydroxylase that belongs to a family of di-iron binding 

oxidases containing a conserved sequence motif for the iron ligands (45). In E. coli, UbiF, a 

flavin-dependent monooxygenases, catalyzes the hydroxylation at C6 of the DMQ8 (46). 

Recently, Coq7 is also found to localize in the nucleus and have a functional role in stress 

responses and longevity that is conserved in C. elegans and human. It was demonstrated that 

Clk-1or Coq7 modulates reactive oxygen species metabolism and unfolded protein response, 

possibly by regulating gene expression (47).  

The enzymatic functions of Coq4, Coq8, and Coq9 in Q biosynthesis are still not clear. 

Coq4 contains a conserved zinc ligand motif HDxxH-(x)11-E, but the sequence of COQ4 does not 

have homology to any proteins that have characterized functions (48). The crystal structure for 

Alr8543, a Coq4 homolog in the cyanobacteria Nostoc sp. PCC7120 has been solved and shown 

to be a homodimer. Each monomer contains a binding site for the polyisoprenoid side chain (49). 

Coq8 (UbiB in E. coli; ADCK3 and ADCK4 in human) is a putative kinase that belongs to an 

ancient atypical kinase family (50). It has six of the twelve motifs present in canonical protein 

kinases, I, II, III, VIB, VII, and VIII motifs (51), and the phosphorylation of Coq3, Coq5, and 

Coq7 depends on Coq8 (52). The Q-biosynthetic complex comprised of Coq3−Coq9 appears to 

be affected by Coq8 directly or indirectly. In coq3−coq9 null mutants, the steady state levels of 

Coq4, Coq6, Coq7 and Coq9 are destabilized and only early-stage intermediates, HHB and 

HAB, are accumulated.  The over-expression of COQ8 restores the levels of the destabilized 
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proteins and leads to the accumulation of diagnostic/late-stage intermediates in most coq null 

yeast mutants (53). The results suggest that the over-expression of COQ8 stabilizes the multi-

subunit Q biosynthetic complex, which is destabilized upon the deletion of any of the 

COQ3−COQ9 genes. In Chapter 2, I tested this hypothesis by expressing muti-copy Coq8 in 

different yeast coq null mutants and the Coq polypeptide complex was analyzed with two-

dimensional blue native/SDS PAGE followed by Western blot. Coq9 does not have a homolog in 

E. coli, but it does in human. The crystal structure of human Coq9 is solved and identified as a 

member of an ancient protein family TFR (TetR family of regulators) with a canonical amino 

terminal helix-turn-helix (HTH) domain. Human Coq9 forms a dimer and the interface of the 

dimer binds lipids (54). In yeast coq9 null mutant with the over-expression of Coq8, late-stage 

intermediates accumulate, including demethoxy-Q6 (DMQ6) (when 4HB is the ring precursor), 

and imino-demethoxy Q6 (IDMQ6) (when pABA is the ring precursor) (53). With Coq8 over-

expression, DMQ6 also accumulates in the yeast coq7 null mutant (55), indicating that Coq9 is 

required for Coq7 function. With Coq8 over-expressed, both coq6 null and coq9 null mutants 

accumulate 4-HP and 4-AP (53), suggesting that Coq9 is also necessary for the function of Coq6. 

The accumulation of 4-AP and IDMQ6 in yeast coq9 mutants provided with pABA as a ring 

precursor suggests that Coq9 is required for the deamination of Q-intermediates. In Chapter 3, I 

generated a temperature-sensitive coq9 point mutant and studied the mutations’ effect on the 

steady state levels of Coq polypeptides and Q6 intermediates accumulated.  

Coq10 and Coq11 are the other two Coq proteins that are involved in yeast Q 

biosynthesis. Yeast with the deletion of either Coq10 or Coq11 still produce Q6 and are able to 

grow on non-fermentable carbon source, but their do novo Q biosynthesis is less efficient than 

the wild type (37,56). The structure of Coq10 homolog CC1736 in Caulobacter crescentus 
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shows a steroidogenic acute regulatory protein-related lipid transfer (START) domain and 

purified CC1736 binds to Q with different polyiosprenyl tail lengths (56). Coq10 may serve as a 

chaperone that enables Q to function properly by transporting it to complexes of the respiratory 

electron transport chain. In human, COQ10A and COQ10B are the two orthologues for COQ10.  

Coq11 is found to co-purify with the Q biosynthetic complex, suggesting its association with the 

complex, but its function is still not clear (37).  

 

Coenzyme Q and human diseases 

 Coenzyme Q is an essential lipid that functions in many aspects of cellular processes and 

Q10 deficiency is associated with various clinical phenotypes. There are two kinds of Q 

deficiency: primary Q10 deficiency, which is caused by mutations in Q10 biosynthetic genes, and 

secondary Q10 deficiency, which is caused by nongenetic factors or mutations in genes that are 

not directly involved with the biosynthesis of Q10 (57). In human, there are 15 genes involved in 

Q10 biosynthesis: PDSS1 and PDSS2, COQ2, COQ3, COQ4, COQ5, COQ6, COQ7, ADCK3 and 

ADCK4, COQ9, COQ10A and COQ10B, FDX1L, and FDXR (41). Primary Q10 deficiencies are 

very rare. Mutations in eight of these genes have been reported. Mutations in PDSS1 caused 

encephalopathy, peripheral neuropathy, optic atrophy, heart valvulopathy, mild lactic acidosis, 

and mutations in PDSS2 caused Leigh syndrome, ataxia, deafness and retinopathy. Mutations in 

COQ2 are associated with encephalomyopathy, hypertrophic cardiomyopathy, MELAS-like 

syndrome, seizures, retinopathy, lactic acidosis, deafness, and adult-onset multisystem atrophy. 

COQ4 mutations caused encephalomyopathy and COQ6 mutations caused deafness, 

encephalopathy, and seizures. ADCK3 mutations caused cerebellar ataxia, encephalopathy, 

seizures, dystonia, and spasticity, and ADCK4 mutations caused mental retardation. Mutations in 
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COQ9 caused encephalomyopathy, renal tubulopathy, and cardiac hypertrophy (41). Secondary 

Q10 deficiencies are more common. They are caused by mutant genes unrelated to Q10 

biosynthesis. Patients with these gene defects do not always develop Q10 deficiencies. It is still 

not clear why some patients are more susceptible. Skeletal muscle and the central nervous 

system (CNS) affected by Q10 deficiencies have been reported. Symptoms of Q10 deficiencies in 

skeletal muscle include weakness, hypotonia, exercise intolerance, and myoglobinuria. 

Symptoms in CNS defects include ataxia and general CNS impairment (41).  

 The current treatment for both primary and secondary Q10 deficiencies is oral Q10 

supplementation (57). Primary deficiencies have better response to the treatment, but the 

bioavailability of Q10 is very low (41).  Increasing endogenously synthesized Q10 would be a more 

effective treatment. Bezafibrate is a drug used to treat hyper lipidemia, but it was also shown to 

treat mitochondrial myopathy by inducing mitochondrial biogenesis (58). However, it does not 

seem to increase Q10 biosynthesis (59). Using 4-hydroxybenzoic acid analogues that bypass 

enzymatic defects in Q10 biosynthetic proteins may provide a more promising therapeutic option. 

Feeding vanillic acid or 3,4-dihydroxybenzoic acid to yeast coq6 null mutant expressing the 

mutant huCOQ6-isoa proteins, gene products of a mutant COQ6 isoform found in patients, 

restored the yeast’s respiratory growth (Fig. 1) (60). It was shown that 2,4-dihydroxybenzoic 

acid restores Q6 biosynthesis and the respiratory growth of coq7 null mutant over-expressing 

Coq8 (Fig. 1) (53). Recently, a study showed that 2,4-dihydroxybenzoic acid significantly 

increased the levels of Q9 in a mouse model carrying a homozygous mutation in Coq9 gene 

(Coq9R239X), a mutation that is homologue to the human R244X mutation, and elevated the Q10 

levels in human COQ9R244X skin fibroblasts (61). It is important to understand the functions of the 

Q10 biosynthetic proteins and to elucidate the steps in Q10 biosynthesis pathway, so we can use 
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bypass therapy to treat patients with primary Q10 deficiency more effectively. Yeast will be a 

great model to study human Coq proteins. Human PDSS1 and PDSS2, COQ2, COQ3, COQ4, 

COQ5, COQ6, COQ7, ADCK3 and ADCK4, COQ10A and COQ10B have been shown to 

complement the corresponding yeast null mutants (41,62). In Chapter 4, I will describe the 

rescue of a coq9 yeast mutant by human COQ9. 

 Although different organisms have similar Q biosynthesis pathways, it is also important 

to understand their differences so we can expect some of the limitation of using yeast as a model 

to study human Q biosynthesis. An example is that yeast can use both pABA and 4-HB as 

aromatic ring precursors for Q biosynthesis, while pABA is an inhibitor of Q biosynthesis in 

mammalian cells (41). This indicates that yeast harbor an enzyme that can function as a 

deaminase, which is a function that may not present in mammals. In Chapter 5, I will describe a 

study on whether different compounds can serve as ring precursors for Q biosynthesis in E. coli, 

S. cerevisiae, and mammalian cells. 
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Figure 1. Proposed Q6 biosynthesis pathway in S. cerevisiae. 4HB or pABA are the two known 

ring precursor for Q biosynthesis in yeast. Intermediates that derive from 4HB are show in blue 

and intermediates that derive from pABA are shown in red. Purple colored intermediates indicate 

the convergence of the two pathways. R represents the hexaprenyl tail present in Q6 and all 

intermediates. Coq1 synthesizes the hexaprenyl-diphosphate tail and Coq2 transfers the tail to 

4HB or pABA to form HHB (3-hexaprenyl-4-hydroxybenzoic acid) and HAB (3-hexaprenyl-4-

aminobenzoic acid), respectively. Coq6 then catalyzes hydroxylation at C5 with ferredoxin 

(Yah1) and ferredoxin reductase (Arh1). Coq3 catalyzes the two O-methylation steps at C5 and 

C6 positions, Coq5 performs the C-methylation step at C2, and Coq7 puts the hydroxyl group at 

C6. The functions of Coq4, Coq8, and Coq9 are not clear. Purple dotted arrows designate the 
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proposed C4-deamination/deimination reaction catalyzed by Coq9. Red asterisks designate the 

steps defective in coq9 null mutant. Intermediates that have been detected are shown in bold and 

intermediates that have not been detected are shown in parentheses. The bypass of Q 

biosynthesis steps with 3,4-dihydroxybenzoic acid (3,4-diHB), vanillic acid (VA), or 2,4-

dihydroxybenzoic acid (2,4-diHB) is indicated in green. Figure modified from He CH et al., 

2014 (63). 
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Chapter 2 

Coenzyme Q supplementation or over-expression of the yeast Coq8 putative kinase 

stabilizes multi-subunit Coq polypeptide complexes in yeast coq null mutants 
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Chapter 3 

Yeast Coq9 controls deamination of coenzyme Q intermediates that derive from para-

aminobenzoic acid 
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Chapter 4 

Human COQ9 rescues a coq9 yeast mutant by enhancing Q biosynthesis from 4-

hydroxybenzoic acid and stabilizing the CoQ-synthome 
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Abstract 

Coq9 is required for the stability of a mitochondrial multi-subunit complex, termed the 

CoQ-synthome, and the deamination step of Q intermediates that derive from para-aminobenzoic 

acid (pABA) in yeast. In human, mutations in the COQ9 gene cause neonatal-onset primary Q10 

deficiency. In this study, we examined human Coq9’s complementation of yeast coq9 point and 

null mutants. We found that expression of human COQ9 rescues the growth of the temperature-

sensitive yeast mutant, coq9-ts19, on a non-fermentable carbon source and increases the content 

of Q6, by enhancing Q biosynthesis from 4-hydroxybenzoic acid (4HB). To study the mechanism 

for the rescue by human Coq9, we study the steady-state levels of yeast coq polypeptides in the 

mitochondria of temperature-sensitive yeast mutant expressing the human COQ9. With SDS-

PAGE and Western blot, we showed that the expression of human COQ9 significantly increased 

the levels of yeast Coq4, Coq6, Coq7 and Coq9 at permissive temperature and human Coq9 was 

destabilized at non-permissive temperature. Next, we showed that a small amount of the human 

Coq9 co-purified with tagged Coq6, Coq6-CNAP, indicating that human Coq9 interacts with the 

yeast Q-biosynthetic complex. We concluded that human Coq9 rescues yeast coq9 point mutant 

by stabilizing the CoQ-synthome and increasing Q biosynthesis from 4HB. This finding provides 

a powerful approach to study the function of human Coq9 using yeast as a model. 
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Introduction 

Coenzyme Q (Q) is a lipid that functions as an electron and proton carrier in the 

mitochondrial respiratory chain and as a lipid-soluble antioxidant (1). Q is composed of a redox 

active benzoquinone ring and a polyisoprenoid side chain, which contains six isoprenic units in 

Saccharomyces cerevisiae (Q6) and ten isoprenic units in humans (Q10) (2). Both yeast and 

human cells are able to use 4-hydroxybenzoic acid (4HB), resveratrol and coumarate to make Q 

(3). However, while para-aminobenzoic acid (pABA) is a ring precursor for Q in yeast (4), 

mammalian cells were not able to synthesize Q from pABA (3). The biosynthetic pathway of Q 

is highly conserved among species. Genes involved in Q biosynthesis in yeast include COQ1-10, 

YAH1, ARH1, ADCK1 and ADCK2, all of which have human homologs (5). A new gene 

involved in yeast Q biosynthesis was recently identified as COQ11 (6), and whether it has a 

human homolog requires further investigation. A good number of human homologs can rescue 

the corresponding yeast COQ mutants: COQ2, COQ3, COQ4, COQ6, COQ7, ADCK3, ADCK4, 

COQ10A, COQ10B (5) and COQ5 (7).  

Yeast Coq9 is required for Q6 biosynthesis and the stability of the CoQ synthome (8,9). 

Its function is not fully understood, but it is required for the deamination of nitrogen substituent-

containing Q intermediates derived from pABA. For example, imino-demethoxy-Q6 (IDMQ6) 

and 3-hexaprenyl-4-aminophenol (4-AP) accumulate in coq9 null mutant when COQ8 is over-

expressed to stabilize the Q-biosynthetic complex and pABA is provided as the precursor (10). 

In yeast coq5 point mutant, coq5-5, demethyl-demethoxy Q6 (DDMQ6) and imino-demethyl-

demethoxy Q6 (IDDMQ6) accumulate (11), but only IDDMQ6 accumulates when COQ9 is 

knocked out in coq5-5 (12). We generated a coq9 temperature sensitive mutant, coq9-ts19 

(TS19) that contains the following point mutations: Adenine−12"Guanine (a−12g), 
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Adenine−93"Guanine (a−93g), Glu55"Gly (E55G), Arg107"Gly (R107G), and 

Gln256"Leu (Q256L). We found that at non-permissive temperature, the levels of Coq9-ts19 

increased, but other yeast Coq polypeptides, Coq4, Coq5, Coq6, and Coq7 decreased and 

nitrogen-containing intermediates accumulated when pABA is provided (12). Therefore, yeast 

Coq9 controls the removal of nitrogen group of Q intermediates derived from pABA. 

Interestingly, human cells cannot synthesized Q from pABA, indicating human Coq9 has a 

different role in coenzyme Q biosynthesis.  

The human COQ9 homolog is required for Q10 biosynthesis; a mutation was identified 

that caused neonatal-onset primary Q10 deficiency (13). A patient with a homozygous nonsense 

mutation in the COQ9 gene (Arg244STOP) presented with neonatal lactic acidosis and later 

developed multisystem disease including intractable seizures, global developmental delay, 

hypertrophic cardiomyopathy, and renal tubular dysfunction. Cultured skin fibroblasts from the 

patient were examined and found to contain low levels of Q10 relative to control subjects and a 

compound slightly more polar than Q10, suggestive of a Q10-intermediate (13). Garcia-Corzo et 

al. generated a Coq9 mutant mouse by introducing a R239X mutation that recapitulates the 

R244STOP human coq9 mutation (14). The Coq9X/X mice showed histologic and behavioral signs 

that mirrored mitochondrial encephalomyopathy associated with primary Q deficiency in human 

patients. A widespread Q deficiency was noted in these mice along with a dramatic reduction in 

the steady state level of the COQ7 polypeptide and accumulation of demethoxy-Q9 (DMQ9) (14). 

A resent study solved the crystal structure of human Coq9 (15). They showed that human Coq9 

functions as a dimer and it has a hydrophobic interface that binds lipids and a surface patch that 

binds human Coq7 (15). Taken together the results suggest that the Coq9 polypeptide is required 

for Coq7 function in Q biosynthesis.  
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 Yeast has been a great model for the studies of Q biosynthesis and it can be a powerful 

system to study human Coq proteins with unknown functions.  In most cases, human COQ 

homologs are able to rescue the corresponding yeast coq mutants (16,17). For example, human 

COQ6 expressed from a plasmid with yeast mitochondrial leader rescued the yeast coq6 null 

mutant for growth on a non-fermentable carbon source (18); human COQ5 with its first 55 

amino acids replaced by the first 54 amino acids of yeast Coq5 restored growth on medium 

containing a non-fermentable carbon source and Q6 content of a yeast coq5 null mutant over-

expressing COQ8 (11). However, expression of human COQ9 in yeast did not restore Q 

biosynthesis in yeast coq9 mutants (13,17). In this study, we tested whether human COQ9 could 

rescue distinct yeast coq9 mutants. The results presented indicate that under certain conditions 

human COQ9 functions to restore yeast Q biosynthesis, but that the potential of yeast Coq9 to 

remove amino/imino groups from Q-intermediates is a functional role that is not shared with 

human COQ9.   
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Materials and Methods 

Yeast strains and growth media  

S. cerevisiae strains used in this study are listed in table 1. Growth media used in this 

study included: YPD (2% glucose, 1% yeast extract, 2% peptone), YPGal (1% yeast extract, 2% 

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

They were prepared as described (19). Synthetic Dextrose/Minimal medium consisted of 0.18% 

yeast nitrogen base without amino acids, 2% dextrose, 0.14% NaH2PO4, 0.5% (NH4)2SO4, and 

amino acids were added to final concentrations as described (20). Selective SD/Minimal medium 

lacking uracil (SD–Ura) and selective SD/Minimal medium lacking uracil and leucine (SD–Ura–

Leu) were similarly prepared. Agar plate media were prepared as described above and included 

2% bacto agar (Fisher). 

Construction of plasmids 

Coq8 was over-expressed in yeast with the p4HN4 plasmid (mcCOQ8). The COQ8 gene 

was cloned in pRS426, a multi-copy yeast shuttle vector, resulting mcCOQ8 (21). To construct 

plasmids expressing human COQ9, we cloned human COQ9 into pQM (22) and pRCM (23). 

These are respectively low- and multi-copy vectors that express ORFs fused to the yeast Coq3 

amino terminal mitochondrial leader sequence (amino acids 1-34) and under control of the yeast 

CYC1 promoter. Human COQ9 was amplified from pBGcoq9, which contains the human COQ9 

ORF in YEpJB1-21-10 and expressed from a constitutive PGK promoter (13). The human COQ9 

ORF was amplified with Taq polymerase and primers Hcoq9F (5’-ATCGATATGGCGGCGG 

CGGCGGTAT-3’ with ClaI restriction site at the 5’ end) and HcoqR (5’-GGTACCTC 

ACCGACGCTGGTTTAGACCTGTCAAGTTCTTGAGC-3’ with KpnI restriction site at the 5’ 

end). PCR products were inserted into the TOPO vector resulting in a plasmid named 
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HCOQ9TOPO. HCOQ9TOPO was digested with the restriction digestion enzymes ClaI and 

KpnI (New England BioLabs) and inserted in pQM or pRCM prepared with ClaI and KpnI, 

resulting in the plasmids scHCOQ9 and mcHCOQ9, respectively. The nucleotide sequence of the 

human COQ9 ORF in scHCOQ9 and mcHCOQ9 was confirmed by sequencing (UCLA 

sequencing core, Los Angeles). 

Disruption of COQ9 in W3031B yeast strain 

A PCR product containing the KanMX4 gene was amplified with the genomic DNA 

isolated from BY4741Δcoq9 (used as template) and with primers that annealed to 100 bp 

upstream and downstream of the COQ9 ORF. The sequences of the primers utilized were: 5’-

TTTGGGCCTACATAAGGTACTTC-3’ and 5’-CGCACAGACCAATAAATCTGCC-3’. The 

PCR product was then transformed into the yeast W3031B to create W303Δcoq9K. 

Transformants that grew on YPD + 200 μg/ml G418 (Geneticin) were selected. Proteins were 

extracted from these transformants as described (24) and separated by SDS-PAGE with a 10% 

polyacrylamide gel. Proteins were transferred to an Immobilon-P transfer membrane (Millipore) 

and analyzed by immunoblotting as described (8). The primary antibody against Coq9 was used 

at a 1:1000 dilution and the secondary antibody, goat anti-rabbit IgG H&L chain specific 

peroxidase conjugate (Calbiochem), at a 1:10,000 dilution. The absence of Coq9 polypeptide 

confirmed that COQ9 was replaced with KanMX4. The resulting null mutant is W303Δcoq9K. 

Lipid extraction and detection of Q6-intermediates by HPLC and tandem mass spectrometry 

The de novo synthesis of Q6 and Q6-intermediates was tracked in yeast cells labeled with 

13C6-pABA or 13C6 4HB followed by lipid analysis. Labeling media were prepared with 10 μg/ml 

13C6-pABA or 13C6-4HB dissolved in ethanol (0.2% final concentration).  Cells were collected (a 
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total of 50 A600nm) as pellets by centrifugation after 12.5 hours of labeling. Q4 was added (164 

pmol) to each cell pellet to serve as an internal standard. Lipid extracts were analyzed by RP-

HPLC-MS/MS (10). For liquid chromatography, a phenyl-hexyl column (Luna 5u, 100 × 4.60 

mm, 5-μm, Phenomenex) was used. The mobile phase has Solvent A (methanol/isopropanol, 

95:5, with 2.5 mM ammonium formate) and Solvent B (isopropanol, 2.5 mM ammonium 

formate). Solvent B was increased linearly from 0 to 5% with the flow rate increased from 600 to 

800 μl/min from 0 to 6 min. The flow rate and mobile phase were changed back to 600 μl/min 

and 100% Solvent A respectively at 7 min. Multiple reaction monitoring mode (MRM) analysis 

was performed with the 4000 QTRAP linear MS/MS spectrometer from Applied Biosystems 

(Foster City, CA). Data were processed with Analyst version 1.4.2 software (Applied 

Biosystems).  

To quantify Q6 content, the peak areas of 12C6-Q6 (sum of oxidized and reduced) and 13C6-

Q6 (sum of oxidized and reduced) were normalized by the peak areas of Q4 (sum of oxidized and 

reduced); the pmol amounts were then determined from the Q6 standard curve.  The pmol of 12C-

Q6 and 13C6- Q6 were further normalized by the wet weight of yeast pellets. Chemical standard for 

DMQ6 is not available. To quantify this intermediate, the peak areas (sum of oxidized and 

reduced DMQ6) were normalized by the recovery of Q4 (sum of oxidized and reduced peaks). 

Finally, calculated values were further normalized by the wet weight of yeast pellets.  

Mitochondrial isolation and immunoblot analyses with temperature-sensitive mutants expressing 

the human COQ9 homolog  

Mitochondria were isolated from yeast cells and analyzed by SDS-PAGE followed by 

Western blot. Yeast cultures were grown to 3-4 A600nm in YPGal medium at different 

temperatures (W3031B, W303Δcoq9:TS19, and W303Δcoq9:TS19+mcHCOQ9 were grown at 
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25 °C and 37 °C for 18.5 hours; BY4741ΔCOQ9, W303ΔCOQ7, W303ΔCOQ4, W303ΔCOQ6 

were grown at 30 °C overnight). Crude mitochondria were isolated from 1 L of culture as 

described (25). Mitochondria were further purified with an OptiPrep discontinuous iodixanol 

gradient as described (8). The bicinchoninic acid assay was used to measure the total protein 

concentration in purified mitochondria (Life Technologies). Purified mitochondria were 

solubilized with digitonin as described (8), and 15 μg of mitochondria were separated by SDS-

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

membranes (Millipore) and immunoblot analyses were performedas described (8). The source 

and use of primary antibodies is described in Table 2. Secondary antibodies were goat anti-rabbit 

IgG H&L chain specific peroxidase conjugate (Calbiochem), 1:10,000. 

Immunoprecipitation of Coq6-CNAP expressing the human COQ9 homolog  

Purified mitochondrial proteins (13mg) were solubilized with 4 mg digitonin /ml as 

described above. The soluble digitonin extract was collected after 100,000 × g centrifugation 

(Optimax TLX). Immunoprecipitation was then performed on the solubilized mitochondria with 

Ni-NTA resin as described in (6). Briefly, Ni-NTA resin (800 μl bed volume) was equilibrated 

with two volumes of lysis buffer. Solubilized mitochondria and 8 ml of lysis buffer were added 

to 800 μl of pre-equilibrated Ni-NTA resin (bed volume) in a 15 ml falcon tube and rotated for 

1.5 hours at 4°C. The flow-through was then collected with a flowthrough column. Resin was 

subjected to two washes with Ni-NTA wash buffer (W1 and W2) and eluate fraction (E) from 

immunoprecipitation were collected. Aliquots of each fraction were examined for presence of 

Coq polypeptides: 0.17% of the FT, 0.25% of W1, 0.25% of W2, 1% of E1, 0.5% of E2, and 

1.25% of Ni-NTA resin were analyzed by SDS-PAGE followed by immunoblot with anti-bodies 
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against Coq9, human Coq9 (1:1000), Coq6, 1:250 and Atp2, 1:4000. Purified mitochondria (15 

μg protein) from CNAP6: mcHCOQ9 were included as control.  
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Results 

Expression of a human COQ9 homolog rescues the growth of the Δcoq9K:TS19 mutant on 

medium containing a nonfermentable carbon source 

Expression of human COQ9 has so far failed to rescue yeast coq9 null mutant growth 

(13,17). It seemed likely that the destabilization of other Coq polypeptides in the yeast coq9 null 

mutant might account for the inability of human COQ9 to rescue. To stabilize other Coq 

polypeptides in coq9 null mutant, we co-expressed multi-copy COQ8 (mcCOQ8) with either 

single copy (scHCOQ9) or multi-copy of human COQ9 (mcCOQ9) in a coq9 null yeast mutant 

(W303Δ9K) and tested its growth on YPG plate medium, containing glycerol as the sole non-

fermentable carbon source. However, none of the conditions tested enabled human COQ9 to 

rescue the growth of the coq9 null mutant (Fig. 1).  

Next, we turned to the Δcoq9K:TS19 mutant, which retains yeast Coq9 and other Coq 

polypeptide levels and is able to grow on YPG at the permissive temperature (25 °C) (12), but 

shows defective growth on YPG at the non-permissive temperature (37 °C ; Fig. 1). Expression 

of mcCOQ8, scHCOQ9, or mcHCOQ9 were each able to rescue the growth of the Δcoq9:TS19 

mutant on YPG at the non-permissive temperature. The rescue by mcCOQ8 and mcHCOQ9 is 

similar to the rescue by yeast wild-type COQ9, and more robust as compared to scHCOQ9  (Fig. 

1). At the permissive temperature it is not possible to distinguish the effects of single-copy 

human COQ9 or multi-copy COQ8. The yeast Coq9-ts19 mutant still functions at 25 °C, and its 

growth is similar to wild type. However, there is a slight increase of growth of Δcoq9K:TS19 

harboring  mcHCOQ9. Yeast were also plated on SD−Ura−Leu to confirm that W303Δ9K was 

successfully transformed with the two plasmids. The empty vector pRS426, which is the parent 

vector of mcCOQ8, was included as a control (EV). As expected, Δcoq9K:TS19 cannot be 
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rescued by the empty vector (Fig.1). Therefore, the rescue effects were specific to expression of 

either human COQ9 or over-expression of yeast COQ8.   

In the yeast Δcoq9K:TS19 mutant, expression of human COQ9 increased the de novo synthesis 

of Q6 from 4HB and over-expression of Coq8 increased the de novo synthesis of Q6 from pABA  

We found that Coq9 is required to remove the nitrogen group from Q6 intermediates (12), 

so we compared the de novo synthesis of 13C6-Q6 from either 
13C6-pABA or 13C6-4HB. The yeast 

W303ΔCOQ9K harboring TS19 was transformed with the designated plasmids and Q/Q 

intermediates levels were determined at permissive and non-permissive temperatures. The 

presence of mcCOQ8, significantly increased the amount of 13C6-Q6 synthesized from 13C6-pABA 

at the permissive temperature relative to the empty vector control (Fig. 2A). At the non-

permissive temperature, mcCOQ8 and both the scHCOQ9 and mcHCOQ9 plasmids increased the 

amount of 13C6-Q6 synthesized from 13C6-pABA (Fig. 2A). In contrast, mcCOQ8 and the human 

COQ9 homolog increased the amount of 13C6-Q6 synthesized from 
13C6-4HB at the permissive 

temperature, but only the human COQ9 homolog increased the amount of 13C6-Q6 synthesized 

from 
13C6-4HB at the non-permissive temperature (Fig. 2D). There is a significant increase of 

13C6-DMQ6 in W303Δ9K:TS19 with the expression of mcCOQ8 and both the scHCOQ9 and 

mcHCOQ9 (Fig. 2B and 2E). Interestingly, mcHCOQ9 has the most dramatic effect on 13C6-

DMQ6 levels when 13C6-4HB was provided at non-permissive temperature (Fig.2E). These 

findings suggest that expression of human COQ9 rescues the Δcoq9K:TS19 mutant by 

increasing Q biosynthesis with 4HB as the precursor. The levels of 12C6-Q6 were elevated by 

mcCOQ8 and human COQ9 at both permissive and non-permissive temperatures (Fig. 2C and 

F), perhaps indicating that mcCOQ8 and human COQ9 may enhance the utilization of other ring 

precursors to increase Q content.  
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In the yeast Δcoq9K:TS19 mutant, expression of human COQ9 stabilizes yeast Coq polypeptides 

at permissive temperature 

To investigate how the expression of human COQ9 homolog rescues the growth of the 

Δcoq9K:TS19 mutant on respiratory medium, we determine whether human Coq9 changes other 

Coq polypeptide levels. We grew wild type (WT), Δcoq9K:TS19 (Δ9K:TS19) and Δ9K:TS19+ 

mcHCOQ9 yeast in YPGal for 18.5 hours at 25 °C or 37 °C, and then isolated mitochondria. The 

steady-state levels of Coq4, Coq6, Coq7, Coq9, and human Coq9 in purified mitochondria were 

analyzed by Western blotting (Fig. 3). The levels of Atp2 were analyzed as loading control. At 

non-permissive temperature, the expression of Coq9-ts19 causes destabilization of other yeast 

Coq polypeptides and human Coq9. In wild type, Coq4, Coq6, Coq7 and Coq9 levels were 

increased at 37 °C (Fig. 3). In the Δcoq9K:TS19 mutant, Coq9-ts19 levels were increased at 37 

°C (Fig. 3A), while Coq4, Coq6, and Coq7 were decreased at 37 °C (Fig. 3). The changes of Coq 

polypeptides in either wild type or the temperature-sensitive mutant at different temperature did 

not result from changes in the corresponding COQ RNA levels (12). When human COQ9 

homolog was expressed in Δ9K:TS19 (Δ9K:TS19+ mcHCOQ9), the steady state levels of Coq4, 

Coq6, Coq7 and Coq9 were significantly increased at permissive temperature (Fig. 3). The 

results suggest that at permissive temperature the expression of human COQ9 stabilizes certain 

yeast Coq polypeptide. Two bands were detected in the mitochondria of Δ9K:TS19+mcHCOQ9 

by antibody against human Coq9. Based on the mass of the polypeptides, it seems likely that the 

top band corresponds to unprocessed human Coq9 with the mitochondrial leader (39 kDa), and 

the lower band is processed human Coq9 (30.5 kDa).  At non-permissive temperature, human 

Coq9 was also destabilized (Fig. 3A). The destabilization is specific to human Coq9 and Coq 

proteins in the CoQ synthome because the steady state levels of Atp2, the beta subunit of the F1 
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sector of the mitochondrial F1F0 ATP synthase, did not change at higher temperature. It is 

possible that human Coq9 is associated with the CoQ synthome.  

The human COQ9 polypeptide associates with the yeast Q-biosynthetic complex 

To determine whether the human COQ9 polypeptide might interact with the CoQ 

synthome (8), we expressed human COQ9 in the yeast strain Coq6-CNAP(CNAP6). We chose 

Coq6-CNAP as the bait protein because Coq9 is known to be important for the Coq6 

hydroxylation step (10). A consecutive non-denaturing tag containing a His10 tag and protein C 

epitope was integrated at the C-terminus of yeast Coq6, resulting Coq6-CNAP (6).  

Mitochondria were isolated from CNAP6: mcHCOQ9 after they were grown in YpGal overnight 

at 30°C. Isolated mitochondria were solubilized with digitonin and subjected to consecutive non-

denaturing affinity chromatography. The CNAP6 has normal levels of Coq6 and Q6 and co-

precipitates other Coq polypeptides in the CoQ synthome (Coq4, Coq5, Coq7, Coq8 and Coq9) 

(6). Purified mitochondria of CNAP6:mcHCOQ9 were solubilized and subjected to Ni-NTA 

resin. Fractions corresponding to flow through (FT), washes (W1 and W2), eluate (E1 and E2), 

and beads after elution were analyzed by SDS-PAGE and Western blot. We found that 

unprocessed human Coq9 and yeast Coq9 co-purified with Coq6-CNAP, (Fig. 6). As a negative 

control, we also blotted with antibody against Atp2. Atp2 did not co-purify with Coq6-CNAP 

(Fig. 6) as expected. The majority of human Coq9 was detected in the flow through and wash 

fractions, indicating the interaction between human Coq9 and the Coq6-containing complex is 

weak or only a small fraction of the over-expressed human Coq9 might be expected to interact 

with the yeast Coq complex (which is not over-expressed). 
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Discussion 

In this study, we successfully rescued the yeast coq9 temperature-sensitive mutant, 

Δcoq9K:TS19, with the human COQ9 homolog expressed with a yeast mitochondrial leader 

sequence. Expression of human COQ9 increased the growth of the Δcoq9K:TS19 mutant on 

respiratory media (Fig. 1) and Q content (Fig. 2) at both permissive and non-permissive 

temperatures. We also found that even though both multi-copy Coq8 and human COQ9 rescue 

TS19, human COQ9 dramatically increased the level of 13C6-Q6 when 13C6-4HB was the 

precursor (Fig. 2C), but to a much lesser degree when 13C6-pABA was the precursor (Fig. 2A). 

However, multi-copy Coq8 has a more significant effect on 13C6-Q6 productions when 13C6-pABA 

was provided (Fig. 2A). These findings suggest that human Coq9 increases Q6 production by 

promoting the conversion of 4HB to Q6. Our findings are consistent with the observation that 

yeast can utilize pABA to synthesize Q (4), but not human cells (3). Yeast Coq9 controls the 

removal of nitrogen group of Q intermediates (12). It is possible that human Coq9 lacks this 

function so human cells do not use pABA as a Q precursor, but this hypothesis will require 

further investigation.  

Human Coq9 failed to rescue yeast coq9 null mutant, even with the over-expression of 

COQ8 to stabilize the rest of the CoQ-synthome (8) (Fig. 1). This might be due to the fact that 

yeast Coq9 is required for the function of yeast Coq6 and Coq7. Yeast coq6 and coq9 null 

mutants over-expressing COQ8 both accumulate 4-AP when pABA is provided as the ring 

precursor and yeast coq7 and coq9 null mutants over-expressing COQ8 both accumulate DMQ6 

when 4-HB is provided (10). Yeast Coq6 and Coq7 do not function well without yeast Coq9. 

Yeast Coq9 may play a structural or regulatory role to enable human Coq9 to function in yeast. 

Interestingly, the expression of human Coq9 stabilizes the steady state levels of Coq4, Coq6, 
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Coq7 and yeast Coq9 at permissive temperature. It was shown that supplementation of Q6 to 

yeast mutants stabilizes CoQ-synthome and its Coq polypeptide subunits (8), so it is possible that 

human Coq9 stabilizes yeast Coq proteins by increasing Q6 levels. Although we saw that Q6 

levels of Δ9K:TS19 were significantly increased by human Coq9 at both permissive and non-

permissive temperature (Fig. 2), we  only see human Coq9 stabilizes the steady state levels of 

yeast Coq polypeptides at permissive temperature (Fig. 3). This observation may be due to the 

fact that LC-MS/MS is highly sensitive and it can detect small changes in lipid levels, while 

Western blot may not be sensitive enough to show the changes in protein levels if the stabilizing 

effect of human Coq9 at non-permissive temperature is small.  

In order to investigate the mechanism of human Coq9 rescuing yeast coq9 mutant, we 

determine whether human Coq9 is associated with the CoQ-synthome. We performed 

consecutive non-denaturing affinity purification with CNAP tagged yeast Coq6. The structure of 

human COQ9 has recently identified it as a dimer (15). We speculated that human Coq9 might 

interact with yeast Coq polypeptides. We found that a small amount of human Coq9, along with 

yeast Coq9, co-precipitates with Coq6-CNAP. Therefore, human Coq9 interacts with the CoQ-

synthome. 

 In conclusion, we found that human Coq9 could rescue the coq9-ts19 mutant, possibly by 

interacting with the CoQ-synthome and stabilizing the complex by increasing Q6 content derived 

from 4HB.  
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Table 1 

Genotype and Source of Yeast Strains 

Strain Genotype Source 

W3031B MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1    R. Rothsteina   

 

W303Δcoq4 

 

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

coq4::TRP1 

(26) 

W303Δcoq6 

 

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

coq6::LEU2 

(27) 

W303Δcoq7 

 

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

coq7::LEU2 

(28) 

BY4741Δcoq9 MAT a coq9Δ::kanMX4 his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 (29)b 

W303Δcoq9K MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 

coq9::KanMX4                                                                           

This study 

Coq6-CNAP Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 

COQ6::COQ6-CNAP-HIS3 

(6) 

   

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

b European S. cerevisiae Archive for Functional Analysis (EUROSCARF), available on-line 
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Table 2 

Description and Source of Antibodies 

Antibody Working Dilution Source 

Atp2 1:4000 Carla M. Koehlera 

Coq4 1:250 (30) 

Coq6 1:250 (27) 

Coq7 1:1000 (31) 

Coq9 1:1000 (32) 

Human Coq9 1:1000 Proteintech Group, Inc 

a Dr. Carla M. Koehler, Department of Chemistry and Biochemistry, UCLA 
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Fig. 1. Expression of human COQ9 or over-expression of COQ8 rescues the growth of the 

temperature-sensitive coq9 mutant on a non-fermentable carbon source. W303Δ9K was 

transformed with TS19 and one of the following plasmids: empty vector pRS426 (EV), multi-

copy yeast COQ8 (mcCOQ8), single-copy human COQ9 (scHCOQ9), and multi-copy human 

COQ9 (mcHCOQ9). Yeast strains were cultured in SD−Leu−Ura media overnight at 25 °C. 

W3031B (WT), W303Δ9K, W303Δ9K:COQ9, and W303Δ9K:TS19 were used as controls and 

grown in YPG and SD−Leu respectively. Cell cultures were diluted to 0.2 A600nm and 2 μl of 1:5 

serial dilutions were spotted onto SD−Ura−Leu or YPG plate media and incubated at either 25°C 

or 37°C for 3 days.  
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Fig. 2. Expression of human COQ9 or over-expression of COQ8 increases the content of Q6 

and DMQ6 in W303Δ9K expressing the temperature-sensitive plasmid TS19. W303Δ9K was 

transformed with TS19 and one of the following plasmids: empty vector pRS426, multi-copy of   

yeast COQ8 (mcCOQ8), single-copy of human COQ9 (scHCOQ9), and multi-copy of human 

COQ9 (mcHCOQ9). One colony of each type of yeast transformant was seeded in selective 

media, SD−Ura−Leu, and grown overnight. The cell culture was diluted to 0.1A600nm in 20 ml of 

fresh SD−Ura−Leu containing 10 μg/ml 13C6-pABA or 10 μg/ml 13C6-4HB dissolved in 2 μl 

ethanol/ml medium and grown at 25°C or 37°C for 12.5 hours. Final cell density was between 3 

and 5 A600nm. Yeast cells (corresponding to a total of 50 A600nm) were collected as pellets, from 

which lipids were extracted and analyzed by RP-HPLC-MS/MS. Each bar represents a total four 

measurements from two independent samples each with two injections. Black bars represent the 

amount of 12C-Q6, red bars represent 13C6-Q6 and 13C6-DMQ6 labeled by 13C6-pABA and blue bars 

represent 13C6-Q6 and 13C6-DMQ6 labeled by 13C6-4HB. The amounts of the 12C- and 13C6-

compounds represent the sum of reduced and oxidized forms. Both Q6 and 13C6-DMQ6 levels 

were higher in W303Δ9K:TS19 harboring human COQ9 homolog or over-expression of COQ8 

as compared to W303Δ9K:TS19 harboring empty vector as determined by the Student’s two-

tailed t-test. The *symbols represent samples at 25 °C compared to W303Δ9K:TS19+EV at 25 

°C; *, p<0.05, **, p<0.01, ***, p<0.001. The + symbols represent samples at 37 °C compared to 

W303Δ9K:TS19+EV at 37 °C; +, p<0.05, , p<0.01, , p<0.001. When there is no significant 

change, ns was used to designate “non-significant”. 
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Fig. 3. Expression of human COQ9 stabilizes yeast Coq polypeptides in the temperature-

sensitive coq9 mutant at permissive temperature. W303Δ9K harboring the temperature-

sensitive plasmid TS19 (Δ9K:TS19) were transformed with multi-copy human COQ9 

(Δ9K:TS19+mcHCOQ9). Yeast strains W3031B (WT), Δ9K:TS19, and  Δ9K:TS19+mcHCOQ9 

were grown for 18.5 hours at either 25°C or 37°C. Mitochondria were then purified from these 

yeast cultures. Mitochondria were also isolated from the null control strains BY4741ΔCOQ9 

(Δ9), W303ΔCOQ4 (Δ4), W303ΔCOQ7 (Δ7), and W303ΔCOQ6 (Δ6) after yeast were grown 

overnight at 30 °C.  Purified mitochondria (15 μg protein) were separated by SDS-PAGE and 

analyzed by Western blot. Immunoblots were performed with antibodies against the designated 

polypeptides: Coq4, Coq6, Coq7, Coq9, human Coq9 and Atp2.  
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Fig. 4. The human Coq9 polypeptide associates with yeast Coq6. A consecutive non-

denaturing tag containing a His10 tag and protein C epitope was integrated at the carboxyl end of 

Coq6, resulting in the strain CNAP6. CNAP6 was transformed with multi-copy human COQ9 

(CNAP6: mcHCOQ9). Mitochondria were isolated from CNAP6 and CNAP6: mcHCOQ9. 

Purified mitochondria (13 mg) were solubilized. Immunoprecipitation was then performed on the 

solubilized mitochondria with Ni-NTA resin. Flow-through (FT), wash (W1 and W2), eluate (E1 

and E2), and beads from immunoprecipitation were collected. We analyzed 0.17% of the FT, 

0.25% of W1, 0.25% of W2, 1% of E1, 0.5% of E2, and 1.25% of Ni-NTA resin by SDS-PAGE 

followed by immunoblotting with antibodies against yeast Coq9, Coq6, human Coq9 and Atp2. 

Purified mitochondria (15 μg) from CNAP6: mcHCOQ9 were included as control.  
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Chapter 5 

Resveratrol and para-coumarate serve as ring precursors for coenzyme Q biosynthesis 
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 This work describes progress made towards characterizing the stabilizing effect of Coq8 

and exogenous Q and the function of Coq9. In Chapter 2, a new model for the Q-biosynthetic 

complex, the CoQ-synthome, was proposed (1). Using two-dimensional blue-native/SDS PAGE 

to separate the digitonin extracts of mitochondria and Western blot to detect the proteins, we 

studied the Q-biosynthetic complex in different yeast coq null mutants. We found that over-

expression of Coq8 (Coq8 OE) stabilizes the Q-biosynthetic complex, but the stabilizing effects 

are different in different null mutants. Coq8 OE restores the complex to high molecular weight in 

coq3, coq5, and coq7 null mutants, but not in coq4 null, suggesting Coq4 is a central organizer of 

the complex. The deletion of COQ6 and COQ9 did not cause the destabilization of the complex, 

so the stabilizing effect of Coq8 OE in these mutants is not as dramatic as in other mutants. 

Therefore, Coq6 and Coq9 are peripheral components of the complex. We also found that in 

coq7 null mutant, Coq8 OE restored Coq4 to high molecular weight, but not Coq9, indicating 

Coq9 is associated with the complex through Coq7.  

 Coq8 is important for the phosphorylation of Coq3, Coq5, and Coq7 (2), and its putative 

kinase activity was proposed to be essential for its stabilizing effect in the coq null mutants (3). 

However, there is not yet any evidence showing yeast Coq8 is a kinase. Dr. Letian Xie had tried 

to purify Coq8 for in vitro kinase assay, but he was not able to purify soluble Coq8. It will be an 

important project to optimize the purification methods to obtain soluble Coq8 for kinase assay. 

Coq8 had not been detected in direct association with the CoQ-synthome until recently. Using 

the consecutive non-denaturing affinity purification, Coq8 was shown to co-purify with tagged 

Coq6, along with other Coq proteins, such as Coq4, Coq5, Coq7, and Coq9 (4). Coq8’s 

association with the Q biosynthetic complex gives us a new perspective on how Coq8 stabilizes 

the CoQ-synthome. It will be interesting to generate a tagged functional form of Coq8 and use 
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non-denaturing affinity purification followed by mass spectrometry to identify associated kinase 

activity or any potential partner proteins that may function as kinases.  

 Another finding described in Chapter 2 is the effect of Q6 supplementation on 

mitochondrial protein levels and Q intermediates (1). Exogenous Q6 increases the levels of Coq4, 

Coq7, and Coq9 in different coq null mutants, but not in wild-type yeast. The addition of 

exogenous Q6 also led to the accumulation of late-stage intermediates in coq null mutants; for 

example, DMQ6 in coq7 null, HHAB in coq4 and coq6 null mutants and IDMQ6 in coq9 null 

yeast. The results indicate that exogenous Q6 stabilizes the CoQ-synthome. Exogenous Q6 also 

increased the levels of the mitochondrial proteins Atp2, Rip1, and Mdh1, so it is possible that the 

addition of Q6 improved the quantity of mitochondria in coq null mutants. The mitochondrial 

fusion protein Mitofusin 2 (MFN2) is required for mitochondrial outer membrane fusion and for 

maintaining mitochondrial Q levels. Mutations in the Mfn2 gene cause defects in mitochondrial 

respiration and reduced ATP production, but the defects can be partially rescued by Q10 

supplementation (5). These results suggest Q10 supplementation can be a treatment for diseases 

caused by the loss of MFN2 function. Comparing the number and morphology of mitochondria 

in coq null mutants with or without the presence of exogenous Q6 using microscopy could be a 

project that helps us understand the mechanism of Q10 dietary supplementation treatment for 

patients with Q10 deficiency.  

 The function of Coq9 is not clear, but it was shown that coq9 null yeast with Coq8 OE 

accumulates 13C6-IDMQ6 if 13C6-pABA is provided as the aromatic ring precursor (3). In Chapter 

3, I tested the hypothesis that Coq9 regulates the deamination of imino-containing Q 

intermediates (6). The yeast coq5 point mutant coq5-5 accumulates DDMQ6 and IDDMQ6, and 

the deletion of COQ9 in coq5-5 led to the disappearance of DDMQ6 and the accumulation of 
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imino-containing Q intermediates, IDDMQ6 and 4-AP. A temperature-sensitive coq9 point 

mutant, coq9-ts19, was also generated to study the function of Coq9. This mutant has defective 

growth on respiratory media at non-permissive temperature. The expression of coq9-ts19 

decreased the steady state levels of other yeast Coq polypeptides, such as Coq4, Coq5, Coq6, and 

Coq7, indicating the destabilization of the Q biosynthetic complex. The changes in Coq 

polypeptides were suggested to occur at the protein level because there is no corresponding 

change in COQ RNA levels. We also found that the coq9 point mutant has a decreased level of 

Q6 and increased levels of imino-containing Q intermediates, IDDMQ6 and 4-AP. We concluded 

that yeast Coq9 controls the removal of the nitrogen group of Q intermediates derived from 

pABA.  

Whether Coq9 is a deaminase requires further investigation. Bypass experiments with 4-

hydroxybenzoic acid analogues had been conducted. It was shown that 2,4-dihydroxybenzoic 

acid significantly increased the Q levels in a mouse model Coq9R239X that recapitulates the human 

R244X mutation (7). If yeast Coq9 is a deaminase, then 2,4-dihydroxybenzoic acid will be able 

to bypass coq9 mutations, but not 4-aminosalicylic acid or 4-amino-2-methoxybenzoic acid. Dr. 

Letian Xie and Alice Hsu fed these compounds to coq7 and coq9 yeast mutants with or without 

Coq8 OE and analyzed the lipid extracts with LC-MS/MS. The positive control coq7 null with 

Coq8 OE was able to produce Q6 with all of these precursors. However, coq9 null with Coq8 OE 

only produce a very small amount of Q6 with 2,4-dihydroxybenzoic acid. Coq9 is important for 

Coq6’s function, so Alice Hsu and I tested whether 2,3,4-trihydroxybenzoic acid can rescue coq9 

null with Coq8 OE, and the result was negative. It is possible that Coq9 is required for other 

steps in the Q biosynthesis pathway. In this case, we can try to use these compounds to bypass 

the yeast point mutant, coq9-ts19. The temperature-sensitive mutant still produces Q6 at non-
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permissive temperature, so there is functional Q biosynthetic complex. After feeding the above 

compounds to coq9-ts19 and grow the yeast cultures at permissive or non-permissive 

temperatures, we can compare coq9-ts19’s responses to the bypass treatments with different 

compounds. If our hypothesis is correct, we will see a significant increase of Q6 production at 

non-permissive temperature when the mutant yeast was fed with 2,4-dihydroxybenzoic acid or 

2,3,4-trihydroxybenzoic acid, but not with 4-aminosalicylic acid or 4-amino-2-methoxybenzoic 

acid. Alice Hsu fed 2,4-dihydroxybenzoic acid to BY4741Δcoq9 expressing coq9-ts19 with or 

without Coq8 OE, but she did not see an increase of Q6 level in response to the bypass treatment. 

The reason she used a coq9 null in BY4741 background is because it allowed her to express both 

the TS19 and the multi-copy COQ8 plasmids. However, I have encountered some problems with 

this strain. I found that the expression of wild-type Coq9 rescued W303Δcoq9 at non-permissive 

temperature but not BY4741Δcoq9. Therefore, the negative results we saw with BY4741Δcoq9 

might be strain specific. I have generated a coq9 null in W303 background (W303Δcoq9K) that 

is both Ura− and Leu− so it can express both TS19 and the multi-copy COQ8 plasmids. The 

bypass experiments can be repeated with this new strain.  

 Although IDDMQ6 and 4-AP accumulate in coq9 mutants, whether they are productive 

intermediates remains a question. Synthesized imino-demethoxy-Q3 or 3-triprenyl-4-

aminophenol can be added to yeast cultures and determine whether Q3 is synthesized by 

analyzing lipid extraction with LC-MS/MS. If the results are negative, it is possible that the 

uptake efficiency by yeast cells is low. In this case, these compounds can be added to purified 

mitochondria instead of yeast cultures. The reduced form of imino-demethoxy-Q3 can also be 

tested and purified mitochondria will be a better choice in case oxidation takes place before cells 

uptake the compound.   
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 Coq9 is required for Q10 biosynthesis in human and its function is still unknown.  Based 

on a protein sequence alignment I performed on NCBI blast, there is only 26% identity shared by 

yeast Coq9 and human Coq9. However, yeast and human Coq9 share some functions. Coq9 

mutant mouse that recapitulates the R244X human coq9 mutation has decreased level of COQ7 

polypeptide and accumulation of demethoxy-Q9 (8). In yeast, Coq9 is important for the function 

of Coq7 and demethoxy-Q6 accumulates in yeast Coq9 mutant. Therefore, we investigated 

whether human COQ9 complements yeast coq9 mutants. In Chapter 4, I showed that human 

COQ9 rescues the temperature-sensitive coq9 point mutant, coq9-ts19. In contrast, human COQ9 

failed to rescue yeast coq9 null mutant even with Coq8 OE. It is possible that yeast Coq9 is 

required for the function of Coq6 and Coq7, so we expressed human COQ9 in coq9-ts19, a 

mutant that has decreased but functional yeast Coq proteins. We found that human COQ9 

increased the growth of coq9-ts19 on respiratory media, stabilized different yeast Coq 

polypeptides, and elevated Q6 content by enhancing Q6 biosynthesis from 4-HB. The fact that 

human COQ9 is better in incorporating 4-HB into Q6 than utilizing pABA when it is expressed 

in coq9-ts19 suggests that human COQ9 does not have the function of mediating deamination 

like yeast Coq9 does. Interestingly, pABA is a precursor for Q in yeast, but not in human cells. It 

is likely that yeast Coq9 is the key factor for yeast’s ability to produce Q6 from pABA. To 

investigate the mechanism for the rescue by human COQ9, we expressed human COQ9 in a 

yeast strain containing tagged Coq6 and performed immunoprecipitation. We found that human 

COQ9 co-purified with yeast Coq6, indicating the association between human COQ9 and the 

CoQ-synthome. For the first time, there is a successful rescue of yeast coq9 mutant with human 

COQ9. It not only gives us insights to the differences between yeast and human Q biosynthesis, 

but also enables us to use yeast as a model for future studies on the function of human COQ9.  
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 Although I have shown that human Coq9 is associated with yeast Coq6, it will give us 

more information on how human Coq9 rescued the yeast coq9 mutant if we investigate what 

lipids or other proteins interact with human Coq9. There are commercially available kits that can 

help us to prepare columns for affinity purification without going through cloning to generated 

tagged human Coq9. For example, the AminoLink Plus Coupling Resin (Thermo Scientific) is 

aldehyde-activated beaded agarose that functions to conjugate antibodies. Therefore, we can use 

this product to covalently attach human Coq9 antibodies to the resin and then perform 

immunoprecipitation with mitochondria purified from yeast coq9 mutant expressing human 

COQ9. The eluate can be analyzed with mass spec to identify lipids and proteins that are 

associated with human Coq9 or with SDS-PAGE followed by Western blot to determine whether 

other yeast Coq polypeptides co-purify.   

 In Chapter 5, I described the investigation on the role of coumarate as an aromatic ring 

precursor in Q biosynthesis. I found that when 13C6-coumarate was fed to E. coli, S. cerevisiae, 

and human cell cultures, 13C6-Q was detected in lipid extracts by LC-MS/MS. The E. coli strain 

ubiC mutant produced 13C6-Q8 from 13C6-coumarate more efficiently than the wild-type E.coli 

strain. It is likely that the mutant uses more 13C6-coumarate as a ring precursor because it cannot 

synthesize 4HB, usually a preferred Q precursor. We conclude that coumarate serves as a ring 

precursor for Q biosynthesis in E. coli, S. cerevisiae, and human cells.  

 In Arabidopsis thaliana, phenylalanine was first converted to coumarate, which is 

transported from the cytosol to peroxisome. Coumarate is then ligated to CoA producing p-

coumaryl-CoA, which was then used to produce 4HB (9). It was proposed that coumarate is 

converted to 4HB in yeast in a similar manner (10), but enzymes involved in this pathway are 

unknown. We had hypothesized Pcs60, a peroxisomal CoA-dependent synthetase, as the enzyme 
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that converts coumarate to coumaryl-CoA in yeast. To test this hypothesis, I compare the 

incorporation of 13C6-coumarate and 13C6-4HB in wild-type yeast and pcs60 null mutant yeast. In 

several experiments, the pcs60 null mutant appeared to be defective in synthesizing 13C6-Q6 from 

13C6-coumarate, but the results were not consistent in subsequent experiments. An explanation is 

that PCS60 is not essential in Q biosynthesis from coumarate. However, the 13C6-coumarate used 

in those experiments was not purified. It is possible that a small amount of contamination 

containing 13C6-aromatic rings also contributed to the amount of 13C6-Q6 we measured. The 13C6-

coumarate used in Chapter 5 had been purified, so it will be important to repeat the experiments 

with the pure precursor.  

 The work in this dissertation describes the projects elucidating the steps of Q6 

biosynthesis pathway and the functions of proteins involved. The study on the effects of over-

expression of COQ8 and supplementation of Q6 gives us a better understanding on the CoQ-

synthome and how exogenous Q6  rescues yeast coq9 null mutants. The function of Coq9 has 

been a mystery and in this study we had demonstrated that Coq9 regulates the deamination steps 

in Q6 biosynthesis pathway. For the first time, we had successfully rescued coq9 yeast mutant 

with human COQ9, making yeast a potential model to study the function of human Coq9.  

Lastly, the findings on p-coumarate serving as a Q ring precursor give us a better understanding 

on the origin of the benzoquinone ring of Q.  

 

 

 

 

 



! ! !103!

References 

1. He, C. H., Xie, L. X., Allan, C. M., Tran, U. C., and Clarke, C. F. (2014) Coenzyme Q 

supplementation or over-expression of the yeast Coq8 putative kinase stabilizes multi-

subunit Coq polypeptide complexes in yeast coq null mutants. Biochimica et Biophysica 

Acta (BBA) - Molecular and Cell Biology of Lipids 1841, 630-644 

2. Xie, L. X., Hsieh, E. J., Watanabe, S., Allan, C. M., Chen, J. Y., Tran, U. C., and Clarke, 

C. F. (2011) Expression of the human atypical kinase ADCK3 rescues coenzyme Q 

biosynthesis and phosphorylation of Coq polypeptides in yeast coq8 mutants. Biochimica 

et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1811, 348-360 

3. Xie, L. X., Ozeir, M., Tang, J. Y., Chen, J. Y., Jaquinod, S.-K., Fontecave, M., Clarke, C. 

F., and Pierrel, F. (2012) Overexpression of the Coq8 Kinase in Saccharomyces 

cerevisiae coq null mutants allows for accumulation of diagnostic intermediates of the 

Coenzyme Q6 biosynthetic pathway. Journal of Biological Chemistry 287, 23571-23581 

4. Allan, C. M., Awad, A. M., Johnson, J. S., Shirasaki, D. I., Wang, C., Blaby-Haas, C. E., 

Merchant, S. S., Loo, J. A., and Clarke, C. F. (2015) Identification of Coq11, a new 

coenzyme Q biosynthetic protein in the CoQ-synthome in Saccharomyces cerevisiae. 

Journal of Biological Chemistry 290, 7517-7534 

5. Mourier, A., Motori, E., Brandt, T., Lagouge, M., Atanassov, I., Galinier, A., Rappl, G., 

Brodesser, S., Hultenby, K., and Dieterich, C. (2015) Mitofusin 2 is required to maintain 

mitochondrial coenzyme Q levels. The Journal of cell biology 208, 429-442 

6. He, C. H., Black, D. S., Nguyen, T. P., Wang, C., Srinivasan, C., and Clarke, C. F. (2015) 

Yeast Coq9 controls deamination of coenzyme Q intermediates that derive from para-



! ! !104!

aminobenzoic acid. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of 

Lipids  

7. Luna-Sanchez, M., Diaz-Casado, E., Barca, E., Tejada, M. A., Montilla-Garcia, A., 

Cobos, E. J., Escames, G., Acuna-Castroviejo, D., Quinzii, C. M., and Lopez, L. C. 

(2015) The clinical heterogeneity of coenzyme Q10 deficiency results from genotypic 

differences in the Coq9 gene. EMBO molecular medicine 7, 670-687 

8. Garcia-Corzo, L., Luna-Sanchez, M., Doerrier, C., Garcia, J. A., Guaras, A., Acin-Perez, 

R., Bullejos-Peregrin, J., Lopez, A., Escames, G., Enriquez, J. A., Acuna-Castroviejo, D., 

and Lopez, L. C. (2013) Dysfunctional Coq9 protein causes predominant 

encephalomyopathy associated with CoQ deficiency. Human molecular genetics 22, 

1233-1248 

9. Block, A., Widhalm, J. R., Fatihi, A., Cahoon, R. E., Wamboldt, Y., Elowsky, C., 

Mackenzie, S. A., Cahoon, E. B., Chapple, C., and Dudareva, N. (2014) The origin and 

biosynthesis of the benzenoid moiety of ubiquinone (coenzyme Q) in Arabidopsis. The 

Plant Cell Online 26, 1938-1948 

10. Clarke, C. F. (2000) New advances in coenzyme Q biosynthesis. Protoplasma 213, 134-

147 

 

!




