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ABSTRACT OF THE DISSERTATION

Coenzyme Q biosynthesis in Saccharomyces cerevisiae: characterization of a

Coq polypeptide biosynthetic complex and a coenzyme Q binding protein

by
Christopher Michael Allan
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2014

Professor Catherine F. Clarke, Chair

Coenzyme Q (Q or ubiquinone) is a redox-active lipid consisting of a fully substituted
benzoquinone ring and a lipophilic polyisoprenoid moiety which serves to anchor Q in biological
membranes. Q is essential to mitochondrial electron transport where it accepts electrons from
NADH or succinate at complexes I and 11 respectively, and donates them to cytochrome c at
complex I11. In the yeast Saccharomyces cerevisiae Q is synthesized by the products of eleven
nuclear-encoded genes: COQ1-COQ9, YAHL, and ARH1. The product of an additional gene,
COQ10, is not required for the biosynthesis of Q but is necessary for its function in efficient

electron transport and respiration.

Chapter 2 investigates the role of Coq10p in both mitochondrial respiration and de novo
Q synthesis through analysis of coq10 null mutants and the Cogl10p prokaryotic homolog
CC1736. Expression of CC1736 harboring a mitochondrial leader sequence in yeast coql0

mutants restored respiration and growth on a non-fermentable carbon source, and binding assays



demonstrated that CC1736 is capable of binding different isoforms of Q and a late-stage Q
biosynthetic intermediate. Lipid analysis of the coq10 null mutant revealed significantly
decreased de novo Q synthesis when compared to wild type, especially at early-log phase,

indicating Coq10p is required for efficient de novo biosynthesis of Q.

Chapter 3 describes characterization of a mitochondrial multi-subunit Coq polypeptide
complex required for Q biosynthesis. The complex was purified by tandem affinity purification
of particular dual-tagged Coq proteins and Western blotting analysis of purified eluates showed
that the biosynthetic complex includes Coq3p, Cog4p, Coqg5p, Cog6p, Coq7p, and Coq9p. In
addition, Coq8p was observed to co-purify with tagged Coq6p but not other tagged Coq proteins.
The purified eluates were also subject to proteomic analysis to identify potentially novel binding
partners, identifying two proteins, 1lvép and YLR290C. Lipid analysis of the corresponding null
mutants revealed that the ylr290c mutant has significantly reduced de novo Q synthesis, while
the ilvé mutant synthesizes wild-type levels of Q. Tandem affinity purification of tagged

YLR290C demonstrated that it is associated with Cog4p, Cog5p, and Coq7p.

The Coq polypeptide biosynthetic complex and the Q-binding protein Coql0p are
conserved features of Q biosynthesis in mammals, and thus findings in the yeast model will be
relevant to our understanding of Q biosynthesis and function in humans. Chapter 4 details future
directions to this end to both further characterize the Q biosynthetic complex and its regulatory
implications, as well as the potential role of Cog10p in both Q biosynthesis and respiratory

electron transport.
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Chapter 1

Coenzyme Q Function and Biosynthesis



Structure and function of Q

Coenzyme Q (Q or ubiquinone) is small lipophilic molecule consisting of a hydrophobic
polyisoprenoid moiety and a fully-substituted benzoquinone ring, more specifically 2,3-
dimethoxy-5-methyl-6-polyprenyl-1,4-benoquinone. Q is found in all eukaryotes and in a-, -,
and y-proteobacteria (Nowicka and Kruk, 2010). The length of the polyisoprenoid group is
species specific and contains 6, 8, 9, and 10 isoprenyl units in Saccharomyces cerevisiae,
Escherichia coli, mice, and humans respectively (Crane, 1965). This functionality localizes Q to
biological membranes where it is freely diffusible in the plane of the phosopholipid bilayer. The
benzoquinone ring of Q is redox-active and is capable of carrying up to two electrons. The fully
oxidized ubiquinone form may accept one electron to form the relatively stable ubisemiquinone
radical (QH"), and then a second electron to form the fully reduced ubiquinol species (QH>).

This reaction is reversible (Figure 1).

The primary function of Q is to serve as a two electron carrier in respiratory electron
transport, where it accepts electrons from NADH at complex | or succinate at complex Il and
donates them to cytochrome c at complex 111 (Brandt and Trumpower, 1994). Electron transfer
within complex I11 occurs via the Q cycle in which there are two separate Q binding sites, Qp and
Qn, allowing for efficient proton translocation across the membrane (Brandt and Trumpower,
1994). In eukaryotes this occurs in the inner mitochondrial membrane while in prokaryotes it
occurs in the plasma membrane. S. cerevisiae lacks complex | and instead uses the internal or
external NADH:Q oxidoreductases on the inner mitochondrial membrane which unlike complex
| do not facilitate the concomitant translocation of protons across the membrane and are

rotenone-insensitive (Grandier-Vazeille et al., 2001).



Q also functions as an electron carrier in other aspects of metabolism including
dihydroorotate dehydrogenase (pyrimidine synthesis), fatty acyl-CoA dehydrogenase (fatty acid
[-oxidation), and other dehydrogenases that oxidize various substrates including choline,
sarcosine, sulfide, and glycerol-3-phosphate (Lenaz and De Santis, 1985; Hildebrandt and
Grieshaber, 2008; Bentinger et al., 2010). Q has also been suggested to function as a cofactor
for uncoupling proteins, however this role is controversial due to the different experimental
systems used to assay this function as well as the controversy regarding the function of fatty
acids and nucleotides on uncoupling protein activity (Divakaruni and Brand, 2011). In
facultative anaerobic bacteria such as E. coli Q and QH: serve an important function in the Arc
two-component system which controls transcriptional regulation in response to various
respiratory growth conditions through the ArcB sensor kinase and the ArcA response regulator
(Georgellis et al., 2001; Malpica et al., 2006). ArcB contains a pair of cysteines whose oxidation
state controls the kinase activity of the protein and is dependent on the redox poise of Q and

QHz2, which is dependent on the oxygen content of the environment (Sharma et al., 2013).

QH:> has also been demonstrated to function as a lipid-soluble antioxidant capable of
mitigating lipid peroxidation and regenerating alpha-tocopherol (vitamin E) (Frei et al., 1990;
Turunen et al., 2004). Yeast mutants incapable of synthesizing QH- are sensitive to oxidative
stress caused by treatment with polyunsaturated fatty acids (Do et al., 1996), an effect alleviated
by substitution of the fatty acid bis-allylic hydrogen atoms with deuterium atoms (Hill et al.,
2011). Conversely, Q has also been implicated as a source of oxidative stress via superoxide
formation by reverse electron transport from complex Il to complex I in which electrons from

succinate are transported to NAD™ (Lambert and Brand, 2004). Superoxide may also be



generated at complex Il by the reaction of molecular oxygen with Q™ produced during the Q

cycle (Jezek and Hlavata, 2005).



Biosynthesis of Q

The polyisoprenoid group of Q is synthesized from the five carbon compounds
isopentenyl diphosphate and dimethylallyl diphosphate, which are synthesized from mevalonate
in eukaryotes and 1-deoxy-D-xylulose-5-phosphate in prokaryotes (Olson and Rudney, 1983;
Pennock and Threlfall, 1983; Rohmer et al., 1996). Plants are capable of synthesizing their
isoprenoid compounds from either mevalonate or 1-deoxy-D-xylulose-5-phosphate in their
cytosol or chloroplasts respectively (Lichtenthaler, 1999). The polyisoprenoid group is
synthesized and elongated via head-to-tail condensation with the loss of diphosphate in each

coupling (Wang and Ohnuma, 2000).

The benzoquinone ring of Q is synthesized from 4-hydroxybenzoic acid (4HB) which is
synthesized from tyrosine in animals, chorismate in E. coli, and both tyrosine and chorismate in
S. cerevisiae, although the steps by which 4HB is produced in S. cerevisiae remain
uncharacterized (Olson, 1966; Goewert, 1981; Olson and Rudney, 1983; Pennock and Threlfall,
1983; Siebert et al., 1994; Dosselaere and Vanderleyden, 2001). This ring is modified by a
series of hydroxylation, decarboxylation, and methyltransferase reactions to yield the fully-
substituted ring found in Q (Tran and Clarke, 2007). Alternatively, S. cerevisiae may use para-
aminobenzoic acid (pABA) as the precursor for the benzoquinone ring (Marbois et al., 2010;

Pierrel et al., 2010).

In S. cerevisiae Q synthesis is dependent on eleven known mitochondrial proteins:
Coqlp-Coq9p, Yahlp, and Arhlp. COQ1-COQ9 were identified as complementation groups of
Q-deficient yeast mutants (Tzagoloff and Dieckmann, 1990; Johnson et al., 2005), while YAH1

and ARH1 were identified through lipid analysis of Yahlp- and Arh1p-depleted strains under
5



control of galactose-inducible promoters (Pierrel et al., 2010). Deletion of any of these COQ
genes results in a loss of Q synthesis and consequently a failure to respire and grow on a non-
fermentable carbon source (Tran and Clarke, 2007; Pierrel et al., 2010). Deletion of either YAH1
or ARH1 results in a loss in viability as the gene products are also required for biosynthesis of
iron-sulfur clusters and heme A (Manzella et al., 1998; Barros and Nobrega, 1999; Lange et al.,
2000; Li et al., 2001; Barros et al., 2002). There are currently steps in the yeast Q biosynthetic
pathway (Figure 2), such as the decarboxylation reaction and subsequent ring hydroxylation, for

which no enzyme has yet been characterized.

COQL1 encodes hexaprenyl diphosphate synthase which assembles the all trans-
polyisoprenoid precursor (Figure 2, compound 3) using isopentenyl diphosphate (Figure 2,
compound 1) and one molecule of dimethylallyl diphosphate which serves as a primer (Figure 2,
compound 2) (Ashby and Edwards, 1990), however geranyl diphosphate and farnesyl
diphosphate have been shown to serve as primers for hexaprenyl diphosphate as well (Casey and
Threlfall, 1978). Subcellular fractionation studies have shown that Coqlp is peripherally
associated with the matrix-face of the inner mitochondrial membrane (Gin and Clarke, 2005).
Coqlp and related eukaryotic polyprenyl diphosphate synthases contain seven highly conserved
sequence motifs (Wang and Ohnuma, 2000). The cogl null mutant can be rescued by expression
of polyprenyl diphosphate synthases from other organisms and produces Q isoforms with
varying polyprenyl tail lengths, demonstrating that the length of the polyisoprenoid tail is
specified by the polyprenyl diphosphate synthase (Okada et al., 1998). Several Coglp homologs
from other organisms such as IspB in E. coli, Pdss1/Pdss2 in mice, and Dps1/DIpl in
Schizosaccharomyces pombe form oligomeric complexes, a homodimer and heterotetramers

respectively, that are essential for enzyme activity (Kainou et al., 2001; Saiki et al., 2008).

6



Unlike its homologs Coqglp appears to function as a monomer, however when expressed in the

fission yeast S. pombe it forms a functional heteromeric complex with Dpsl (Zhang et al., 2008).

COQ2 encodes 4-hydroxybenzoic acid:polyprenyltransferase which ligates hexaprenyl
diphosphate to the aromatic ring precursors 4HB or pABA, forming 3-hexaprenyl-4-
hydroxybenozic acid (HHB; Figure 2, compound 4) or 3-hexaprenyl-4-aminobenzoic acid
(HAB; Figure 2, compound 4) respectively (Ashby et al., 1992; Marbois et al., 2010; Pierrel et
al., 2010). Numbering of the ring throughout the text for Q intermediates is designated
according to the rules and recommendations of the International Union of Pure and Applied
Chemistry (IUPAC). Coq2p is not specific for a particular polyprenyl diphosphate and will
synthesize products of varying polyisoprenoid lengths (Melzer and Heide, 1994). Coq2p was
predicted to have six transmembrane domains and was shown to be an integral membrane protein
in the inner mitochondrial membrane by subcellular fractionation (Ashby et al., 1992; He et al.,
2014). Mutations in the E. coli ubiA gene, which encodes a homolog to Cog2p with 31%
identity, can be rescued by expression of S. cerevisiae COQ2, indicating a conservation of
function (Suzuki et al., 1994). The crystal structure of the Aeropyrum pernix Cog2p homolog
UbiA, which shares 52% sequence similarity to E. coli UbiA, was determined and shown to
contain nine transmembrane domains (Cheng and Li, 2014). The A. pernix UbiA structure
demonstrates that the polyprenyl binding pocket has an unrestricted opening to the membrane,
accounting for the promiscuity of substrate binding (Cheng and Li, 2014). The Phyre structure
prediction server models the tertiary structure of Cog2p with nine transmembrane helices as it
uses the A. pernix UbiA structure as a template, however Cog2p only has 21% identity with
UbiA and most secondary structure prediction programs predict six transmembrane domains for

Coq2p (Kelley and Sternberg, 2009; UniProt, 2014). In human cells another prenyltransferase
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was characterized, UBIAD1, which is responsible for Q synthesis in the Golgi membrane where

it is required for redox signaling and protection from lipid peroxidation (Mugoni et al., 2013).

COQ3 encodes an O-methyltransferase that catalyzes two separate steps in the
biosynthetic pathway, accounting for both methoxy groups in Q (Figure 2, compound 6 and
QsH2) (Hsu et al., 1996; Shepherd et al., 1996; Poon et al., 1999). Coqg3p and its E. coli
homolog UbiG share 40% sequence identity and cog3 mutants can be rescued by expression
UbiG harboring an amino-terminal mitochondrial leader sequence (Clarke et al., 1991; Hsu et
al., 1996). Coq3p, UbiG, and other Cog3p homologs contain four sequence motifs characteristic
of Class | S-adenosylmethionine-dependent methyltransferases which form a seven-strand
twisted 3 sheet responsible for S-adenosylmethionine binding (Kagan and Clarke, 1994;
Niewmierzycka and Clarke, 1999; Katz et al., 2003; Petrossian and Clarke, 2009). Coq3p is
phosphorylated in a Cog8p-dependent manner, and expression of the Cog8p human homolog
ADCK3 in cog8 mutants is able to restore Coq3p phosphorylation (Tauche et al., 2008; Xie et
al., 2011). Subcellular fractionation has demonstrated that Coq3p is peripherally associated with

the matrix-face of the inner mitochondrial membrane (Poon et al., 1999).

COQ4 encodes a protein of unknown function and does not have sequence homology to
any proteins of known function, however the cog4 null mutant lacks Q and accumulates an early
Q biosynthetic intermediate, indicating a role in Q biosynthesis (Belogrudov et al., 2001).
Coq4p appears to contain a conserved putative zinc-binding motif HDxxH-(x)11-E, however the
function if any of this motif is not known (Marbois et al., 2009). The crystal structure of
Alr8543, a Cog4p homolog from Nostoc sp. PCC7120, was solved and shown to be a dimer with

each monomer containing a bound geranylgeranyl monophosphate as well as a bound



magnesium ion in the putative zinc-binding motif, suggesting a polyisoprenoid binding function
for Cogdp in Q biosynthesis (Rea et al., 2010). Cog4p has been shown to be peripherally

associated with the matrix-face of the inner mitochondrial membrane (Belogrudov et al., 2001).

COQ5 encodes a C-methyltransferase and attaches a methyl group directly to the 5-
position of the demethyldemethoxy-QeH> (Figure 2, compound 8) using S-adenosylmethionine
as the methyl donor (Barkovich et al., 1997; Baba et al., 2004). The crystal structure of Cogq5p
with and without bound S-adenosylmethionine was determined and was found to exist as a dimer
in both states, with slight conformational changes in the active site in the substrate-bound form
(Dai et al., 2014). Coqg5p shares 44% sequence identity with its E. coli homolog UbiE and both
proteins contain four conserved motifs consistent with class | S-adenosylmethionine-dependent
methyltransferases (Barkovich et al., 1997; Katz et al., 2003; Petrossian and Clarke, 2009). E.
coli ubiE mutants can be rescued by expression of yeast Cog5p, however expression of UbiE
(harboring a mitochondrial targeting sequence) fails to rescue yeast cog5 null mutants; however
yeast cogb point mutants that retain stable levels of the Cog5p polypeptide are rescued by E. coli
UbiE (Dibrov et al., 1997; Baba et al., 2004). Like Coq3p, Cog5p is also phosphorylated in a
Coq8p-dependent manner and phosphorylation of Cog5p can be restored in cog8 point mutants
by expression of ADCK3 (Xie et al., 2011). Two dimensional-isoelectric focusing (2D-1EF)
data suggests that there are multiple phosphorylation states of Cog5p and that another kinase
may be required in tandem with Coq8p (Xie et al., 2011). Subcellular fractionation has shown
that Coqbp is peripherally associated with the matrix-face of the inner mitochondrial membrane

(Baba et al., 2004).



COQ6 encodes a protein with homology to E. coli proteins UbiH and UbiF with sequence
identities of 21% and 24% respectively (Gin et al., 2003). These proteins have consensus
sequences for ADP, FAD, and NAD(P)H binding suggesting that they function as flavin-
dependent monoxygenases (Wierenga et al., 1986; Eggink et al., 1990; Eppink et al., 1997,
Clarke, 2000). While UbiH catalyzes hydroxylation at the C4 ring position in 2-methoxy-6-
octaprenylphenol (Figure 3, compound 7) and UbiF at the C6 position of 6-demethoxy-Qs
(DMQs) (Figure 3, compound 9), Coqb6p is involved in hydroxylation at the C5 position of HHB
and HAB (Figure 2, compound 4) (Nakahigashi et al., 1992; Gin et al., 2003; Ozeir et al., 2011).
E. coli Ubil, a flavin-dependent hydroxylase with 25% sequence identity to Coq6p, was found to
catalyze hydroxylation at the C6 position of 2-octaprenylphenol (Figure 3, compound 5), the
equivalent position to C5 of HHB and HAB, and expression of ubil was found to rescue a yeast
cog6 null in the presence of multicopy COQ8 (Chehade et al., 2013). The Coq6p-dependent
hydroxylation reaction is dependent on Yahlp and Arhlp, ferredoxin and ferredoxin reductase
respectively, which are postulated to be the source electrons for the monoxygenase reaction
(Pierrel et al., 2010; Ozeir et al., 2011). Yeast coq6 null mutants expressing enzymatically
inactive but structurally stable human COQ6 were rescued for Q synthesis and respiratory
growth by addition of exogenous vanillic acid (4-hydroxy-3-methoxybenzoic acid), which
presumably bypasses the Coq6p-dependent hydroxylation step (Doimo et al., 2014). Coq6p has
been shown to be peripherally associated with the matrix-face of the inner mitochondrial

membrane (Gin et al., 2003).

COQ7 was originally identified as CAT5 and was thought to be involved in regulating
activation of gluconeogenic genes, but this was later shown to be a secondary phenotype in

response to a general loss of respiration (Proft et al., 1995; Jonassen et al., 1998). The function

10



of Coq7p in Q biosynthesis was first characterized through the observation that a coq7 point
mutant accumulated the intermediate 6-demethoxy-Qe (DMQs, Figure 2, compound 9),
suggesting it catalyzes a hydroxylation reaction (Marbois and Clarke, 1996). Coq7p was
identified as a member of a di-iron carboxylate family of proteins that catalyze hydroxylation
reactions and does not have significant homology to E. coli UbiF, which is flavin-dependent and
also catalyzes hydroxylation of DMQg (Figure 3) (Marbois and Clarke, 1996; Stenmark et al.,
2001). Expression of E. coli UbiF harboring a mitochondrial leader sequence complemented the
coq7 null mutant as well as a DMQs-producing cog7 point mutant (Tran et al., 2006). Coq7p
was shown to have two phosphorylated isoforms however it is not clear whether Coq7p
phosphorylation is dependent solely on Coq8p activity (Xie et al., 2011). Expression of ADCK3
restores Coq7p phosphorylation in cog8 point mutants (Xie et al., 2011). Coq7p was shown to
be phosphorylated in vitro at serine 20, serine 28, and threonine 32, and mutagenesis studies of
these residues suggest that phosphorylation acts as a regulatory mechanism in Q biosynthesis and
that dephosphorylation by Ptc7p activates Q biosynthesis (Martin-Montalvo et al., 2011; Martin-
Montalvo et al., 2013). Interestingly these putative phosphorylation sites occur near the amino-
terminal leader sequence of Coq7p, whose predicted mature amino-terminus is at isoleucine 23
(Xieetal., 2011). Subcellular fractionation has shown that Coq7p is peripherally associated

with the matrix-face of the inner mitochondrial membrane (He et al., 2014).

COQ8 was originally identified as ABC1 (activity of bc: complex) in a screen for
suppressors of defects in cytochrome b translation as it was able to partially rescue a cbs2
mutant, a translational activator required for cytochrome b translation (Rodel et al., 1986;
Bousquet et al., 1991). This suppressor effect was later shown to be due to a tRNA™® [ocated

downstream of ABC1/COQ8 and the cog8 null mutant was shown to be defective in Q
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biosynthesis (Do et al., 2001; Hsieh et al., 2004). Analysis of the Cog8p sequence identified
protein kinase motifs I, 11, 111, VIB, VII, and VIII suggesting it may be a member of the atypical
protein kinase family (Leonard et al., 1998; Lagier-Tourenne et al., 2008). Coqg8p has not been
demonstrated to directly catalyze phosphorylation but three proteins have been demonstrated to
be phosphorylated in a Cog8p-dependent manner: Coqg3p, Coq5p, and Coq7p (Tauche et al.,
2008; Xie et al., 2011). Expression of the human Cog8p homolog ADCK3 (harboring a yeast
mitochondrial leader sequence) in cog8 point mutants was able to partially restore Q biosynthesis
and phosphorylation of Cog3p, Cog5p, and Coq7p (Xie et al., 2011). Subcellular localization
has shown Coq8p is peripherally associated with the matrix-face of the inner mitochondrial
membrane (Xie et al., 2011). The E. coli Cog8p homolog UbiB also contains conserved kinase
motifs and indirectly facilitates the Ubil hydroxylation step in the E. coli Q biosynthetic pathway

(Figure 3) (Poon et al., 2000; Chehade et al., 2013).

The product of COQ9 was identified as required for Q biosynthesis and while it has no
sequence homology to any protein domains of known function the cog9 null mutant accumulates
HHB, indicating Coq9p functions downstream of Coqglp and Cog2p (Johnson et al., 2005).
Overexpression of COQ8 in a cog9 nonsense mutant with decreased steady-state levels of Cogq9p
increases the stability of the Coq9p polypeptide, restoring growth on a nonfermentable carbon
source (Hsieh et al., 2007). Subcellular fractionation has shown Coq9p to be a peripheral
membrane protein on the matrix side of the inner mitochondrial membrane (Hsieh et al., 2007).
Coq9p homologs have been found in eukaryotes but not prokaryotes, indicating that it is specific

for mitochondrial Q biosynthesis (Johnson et al., 2005).
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No yeast enzyme has yet been characterized that catalyzes the second hydroxylation step,
however in E. coli this reaction is catalyzed by UbiH (Gin et al., 2003). The decarboxylase step
in the yeast Q biosynthetic pathway is also uncharacterized, however in E. coli both UbiD and
UbiX have been identified as required for this step, particularly during logarithmic growth
(Gulmezian et al., 2007). The crystal structure of Pseudomonas aeruginosa UbiX showed that
the protein contained a typical Rossmann fold and bound FMN (Kopec et al., 2011). The
structure of an E. coli paralog of UbiX with 51% identity, Pad1, was determined and also found
to contain a typical Rossmann fold with a bound FMN (Rangarajan et al., 2004). The crystal
structure of P. aeruginosa PA0254, a homolog of E. coli UbiD with 25% identity, was
determined and found to have a similar tertiary structure to an unpublished UbiD structure and
contains a domain similar to the FMN-binding split barrel from a family of flavoproteins,
however no evidence of a bound flavin was found (Jacewicz et al., 2013). Expression of yeast
PADL1 in an E. coli ubiX mutant restores Qg synthesis and yeast YDR539W, which is adjacent to
PAD1 on chromosome 4, is a homolog of E. coli ubiD (Gulmezian et al., 2007). In spite of this
yeast mutants lacking either PAD1 or YDR539W, or both PAD1 and YDR539W produce wild-
type levels of Qs (Gulmezian, 2006). Yeast PAD1 and YDR539W, designated FDC1 (ferulic
acid decarboxylase), were shown to be essential for decarboxylation of phenylacrylic acids

(Mukai et al., 2010).
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The Q biosynthetic complex

Genetic and biochemical experiments have demonstrated the interdependence of several
of the Coq proteins and have shown the existence of a high molecular mass Coq protein
complex. Each of the cog3-coq9 null mutants accumulate only the early intermediates HHB and
HAB resulting from prenylation of 4HB and pABA respectively (Xie et al., 2012). Steady-state
levels of Coqg3p, Cog4p, Cog6p, Coq7p, and Coq9p are reduced in several coql-coq9 null
mutants, although levels of Cog3p were stabilized in cog4-coq9 mutant samples prepared with
phosphatase inhibitors (Hsieh et al., 2007; Tauche et al., 2008; Xie et al., 2012). This has been
observed in other mitochondrial complexes such as the cytochrome bc; complex and ATP
synthase in which the absence or mutation of one component protein results in reduced steady-
state levels of the other subunits (Tzagoloff et al., 1994; Glerum et al., 1997). Gel filtration
chromatography and blue native-polyacrylamide gel electrophoresis have (BN-PAGE) have
shown that several of the Coq proteins exist in high molecular mass complexes and the O-
methyltransferase activity of Coq3p can be detected in these complexes (Marbois et al., 2005;
Tran et al., 2006; Hsieh et al., 2007; Marbois et al., 2009). Analysis of gel filtration fractions
has also shown the association of DMQs with the complexes (Marbois et al., 2005).
Supplementation of exogenous Qs was shown to stabilize the steady-state levels of Cog3p and
Coqg4p in the coq7 null mutant (Tran et al., 2006), enhance DMQs production in the coq7 null
mutant (Padilla et al., 2009), and stabilize steady-state levels of Coq9p in the cog3, cog4, cogs6,
coqg7 null mutants and steady-state levels of Cog4p in the cog3, coq6, and coq7 null mutants (He

et al., 2014), suggesting that associated Qs plays a role in stability of the complex.
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Co-precipitation experiments have demonstrated the physical association of several of the
Coq proteins; biotinylated Cog3p was shown to co-precipitate Cog4p, and HA-tagged Coq9p co-
purified Cog4p, Cogp5, Coq6p, and Coq7p (Marbois et al., 2005; Hsieh et al., 2007). Although
Coq8p has not been shown to be associated in a complex with the other Coq proteins its putative
role as a kinase is important for the stability of several other Coq proteins as overexpression of
COQ8 in various coqg null mutants stabilizes several of the other Coq proteins and leads to the
accumulation of later stage Q biosynthetic intermediates diagnostic of the mutated step (Padilla

et al., 2009; Xie et al., 2012; He et al., 2014).
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A putative Q binding protein

In addition to the biosynthetic Coglp-Coq9p proteins, the Coql0p protein was identified
as necessary for Q activity in the electron transport chain but not for Q biosynthesis (Barros et
al., 2005). Coq10p is located on the matrix-face of the mitochondrial inner membrane and S.
cerevisiae cog10 null mutants produce endogenous Qs but have impaired mitochondrial
respiration that can be rescued upon addition of exogenous Q> to isolated mitochondria (Barros
et al., 2005). S. pombe coql0 null mutants also produce endogenous Q1o but have severely
reduced respiration (Cui and Kawamukai, 2009). The primary sequence of Coq10p does not
share homology with any proteins of known function and is classified as part of the aromatic-rich
protein family, Pfam03654 (Punta et al., 2012). Steady-state levels of Coq10p are not decreased
in other coqg null mutants and co-precipitation experiments have not demonstrated a physical
interaction between Coql10p and the other Coq proteins, however sucrose gradient sedimentation

suggests that Coql10p exists in an oligomeric form (Barros et al., 2005; Hsieh et al., 2007).

The structure of the Caulobacter crescentus Cog10p homolog CC1736 was determined
via NMR and was found to be similar to steroidogenic acute regulatory-related lipid transfer
(START) domain proteins (Shen et al., 2005). Members of the START domain family consist of
a seven-stranded p—sheet with a C-terminal a—helix that forms a hydrophobic pocket often used
in the binding lipids such as cholesterol, polyketides, and phospholipids (Ponting and Aravind,
1999; Lo Conte et al., 2000; Miller, 2007). Coq10p purified from S. cerevisiae was found to
contain bound Qg in substoichiometric amounts (Barros et al., 2005), while purified recombinant
S. pombe Cog10p was found to bind Qg in equimolar amounts (Cui and Kawamukai, 2009). E.

coli contains a CC1736 homolog encoded by ratA (also known as yfjG) (Allan et al., 2012)
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which does not appear to have a role in Q metabolism and function, but was shown to associate

with the 50S ribosome to prevent formation of the 70S ribosome (Zhang and Inouye, 2011).

Recently the ubiJ gene has been characterized in E. coli and Salmonella enterica serovar
Typhimurium in which it exists in an operonic structure between ubiE and ubiB (Aussel et al.,
2014). The product of ubiJ was shown to be required for aerobic Q biosynthesis in these
organisms and is postulated to function as a carrier or chaperone for isoprenoid-containing
intermediates due to the homology of its C-terminal domain with the C-terminal domain of E.
coli LpxD, which caps the hydrophobic pocket responsible for binding acyl chains (Bartling and

Raetz, 2009; Aussel et al., 2014).
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Conclusions

The redox properties of Q are key to its function as an essential electron carrier in the
respiratory electron transport chain as well as to other redox functions in metabolism. Q is
synthesized in S. cerevisiae through the function of eleven nuclear encoded genes, COQ1-COQ9,
YAH1, and ARH1, which are all localized to mitochondria. The functions of some of the Coq
proteins in Q biosynthesis remains poorly understood and there are steps in the Q biosynthetic
pathway for which no enzyme has yet been characterized. There is an additional protein,
Coq10p, which is not essential for Q biosynthesis but is required for the function of Q in
mitochondrial respiration. The structure of a bacterial Coq10p homolog, CC1736, has been
solved and has been shown to be a START domain protein, suggesting a role in lipid binding.
The function of Cog10p as a Q-binding protein as well as its role in de novo Q biosynthesis will
be discussed in Chapter 2 of this dissertation. Several of the biosynthetic Coq proteins have been
shown to exist in one or more macromolecular complexes on the matrix side of the inner
mitochondrial membrane, however the organization and composition of these complexes has not
been fully characterized. Investigation of the Q biosynthetic complex by proteomic analysis of
tandem affinity-tagged proteins as well as functional characterization of potentially novel

members of this complex will be discussed in Chapter 3.
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Figure 1. Structure and redox activity of Q. Fully oxidized Q, shown on the left can
sequentially accept two electrons and two protons to form the radical semiquinone (QH"),
middle, and the fully reduced ubiquinol (QH3), shown on the right. This is a reversible process.

‘n” denotes the number of isoprene units and is species-specific.
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Figure 2. Q biosynthetic pathway in Saccharomyces cerevisiae. Coqglp catalyzes
condensation of isopentenyl diphosphate (1) and dimethylallyl diphosphate (2), forming
hexaprenyl diphosphate (3). Coq2p attaches hexaprenyl diphosphate to either 4HB or pABA,
forming HHB and HAB respectively (4). Coq6p, facilitated by Yahlp and Arhlp, catalyzes a
hydroxylation reaction producing either 5-hexaprenyl-3,4-dihydroxybenzoic acid or 4-amino-5-
hexaprenyl-3-hydoxybenzoic acid (5). Coq3p then catalyzes an O-methyltransferase reaction,
yielding either 5-hexaprenyl-4-hydroxy-3-methoxybenzoic acid or 4-amino-5-hexaprenyl-3-
methoxybenzoic acid (6). Two consecutive steps facilitated by unknown enzymes, denoted by
“7??°, catalyze consecutive decarboxylation and hydroxylation reactions, producing
demethyldemethoxy-Qs or aminodemethyldemethoxy-Qs (8). Coq5p catalyzes a C-
methyltransferase reaction to produce DMQe or amino-DMQs (9). Coq7p catalyzes the final
hydroxylation step to produce demethyl-Qs (10), and Coq3p catalyzes a second O-
methyltransferase reaction to produce QsH2. The amino group derived from pABA can take the

place of the hydroxyl group, denoted as ‘X’, in several of the intermediates and it is not clear at
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which point(s) it is removed. Ring positions on all compounds are numbered according to

IUPAC convention.
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Figure 3. Q biosynthetic pathway in Escherichia coli. IspB catalyzes condensation of
isopentenyl pyrophosphate (1) and dimethylallyl pyrophosphate (2), forming octaprenyl
diphosphate (3). UbiA attaches octaprenyl diphosphate to 4HB, forming 4-hydroxy-3-
octaprenylbenzoic acid (4). UbiD and UbiX catalyze a decarboxylation reaction to yield 2-
octaprenylphenol (5). Ubil catalyzes a hydroxylation reaction, yielding 2-hydroxy-3-
octaprenylphenol (6), followed by an O-methyltransferase reaction catalyzed by UbiG, yielding
2-methoxy-6-octaprenylphenol (7). UbiH catalyzes the second hydroxylation reaction,
producing demethyldemethoxy-Qsg (8). UbIE then catalyzes a C-methyltransferase reaction to
produce DMQs (9). UbiF catalyzes the third hydroxylation step to produce demethyl-Qg (10),
and UbiG catalyzes a second O-methyltransferase reaction to produce QsH2. Ring positions on

all compounds are numbered according to IUPAC convention.
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ARTILCELEE ENFO ABSTRACT

Article history: Coenzyme Q, (ubiquinone or Q,,) is a redox active lipid composed of a fully substituted benzoquinone ring
Received 3 August 2012 and a polyisoprenoid tail of n isoprene units. Saccharomyces cerevisiae cog1-coq9 mutants have defects in Q
Received in revised form 10 December 2012 biosynthesis, lack Qg, are respiratory defective, and sensitive to stress imposed by polyunsaturated fatty

Accepted 17 December 2012

Available anlite 25 Décesiber 2012 acids. The hallmark phenotype of the Q-less yeast cog mutants is that respiration in isolated mitochondria

can be rescued by the addition of Q, a soluble Q analog. Yeast cog10 mutants share each of these phenotypes,
with the surprising exception that they continue to produce Qg. Structure determination of the Caulobacter

ﬁ;y::;d:m crescentus Coq10 homolog (CC1736) revealed a steroidogenic acute regulatory protein-related lipid transfer
Yeast mitochondria (START) domain, a hydrophobic tunnel known to bind specific lipids in other START domain family members.
Lipid binding Here we show that purified CC1736 binds Q,, Qs, Q;0, or demethoxy-Qs in an equimolar ratio, but fails to bind
Steroidogenic acute regulatory protein 3-farnesyl-4-hydroxybenzoic acid, a farnesylated analog of an early Q-intermediate. Over-expression of
Respiratory electron transport C. crescentus CC1736 or COQ8 restores respiratory electron transport and antioxidant function of Qg in the
Lipid autoxidation yeast coq10 null mutant. Studies with stable isotope ring precursors of Q reveal that early Q-biosynthetic
intermediates accumulate in the coq10 mutant and de novo Q-biosynthesis is less efficient than in the
wild-type yeast or rescued coq10 mutant. The results suggest that the Coq10 polypeptide:Q (protein:ligand)
complex may serve essential functions in facilitating de novo Q biosynthesis and in delivering newly synthe-

sized Q to one or more complexes of the respiratory electron transport chain.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction polyisoprenoid ‘tail'’ whose length is species dependent and a fully

substituted redox-active benzoquinone ‘head’ [2]. The reduced or hy-

Coenzyme Q (ubiquinone or Q) is a small lipophilic electron carrier droquinone form, QH, also serves as a lipid soluble chain-terminating
found primarily in the inner mitochondrial membrane where it plays antioxidant [3]. Yeast mutants lacking Q and QH, are sensitive to oxida-
a key role in respiratory electron transport [1]. Q consists of a tive stress induced by treatment with polyunsaturated fatty acids [4].

Abbreviations: aLnn, «-linolenic acid (C18:3, n —3); BCA, bicinchoninic acid; BHT, butylated hydroxytoluene; BN-PAGE, blue native-polyacrylamide gel electrophoresis; DMQ,
demethoxy-Q; DOD, drop out growth medium with dextrose; FHB, farnesyl-hydroxybenzoate; HAB, hexaprenyl-4-aminobenzoic acid; HHB, hexaprenyl-4-hydroxybenzoic acid; HPLC,
high performance liquid chromatography; IDMQ, 4-imino-demethoxy-Q; pABA, para-aminobenzoic acid; PBS, phosphate buffered saline; PUFA, polyunsaturated fatty acid; Q, coenzyme
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The toxicity of polyunsaturated fatty acid autoxidation products can be
abrogated by substitution of the fatty acid bis-allylic hydrogen atoms
with deuterium atoms [5].

In the yeast Saccharomyces cerevisiae Qg biosynthesis occurs in the
mitochondria and is dependent on eleven known proteins, Coqlp-
Coq9p, Yahlp, and Arh1p [6-8]. The yeast coql-cog9 mutants lack
Q, are respiratory defective and unable to grow on non-fermentable
carbon sources. YAHI and ARH1 genes encode ferrodoxin and ferre-
doxin reductase, are essential for yeast viability, and play roles in
iron-sulfur cluster biogenesis in addition to Q biosynthesis [7,9].

An additional protein, Coq10p, is required for Qg activity in the
electron transport chain but is not essential for Q biosynthesis [10].
S. cerevisiae coq10 null mutants contain wild-type levels of Qg but are
nonetheless respiration defective. Mitochondria isolated from coq10
mutants show greatly impaired oxidation of substrates of electron trans-
port as measured by oxygen consumption unless supplemented with ex-
ogenous Q [10]. This rescue of respiratory electron transport by addition
of Q2 is a hallmark phenotype of the cog mutants. Thus, while yeast cogl-
coq9 mutants are “Q-less”, the coq10 mutant contains Qg but its respira-
tory defects are nevertheless rescued when a soluble analog of Q (such
as Q,) is added. The coq10 null mutant in the yeast Schizosaccharomyces
pombe displays similar phenotypes as it produces endogenous Qo but
fails to respire as measured by oxygen consumption [11].

How Coq10p mediates Q-dependent respiratory electron trans-
port is still mysterious. Stoichiometric considerations suggest that
Coq10p is unlikely to play a direct role in shuttling Q between the
respiratory complexes, because Coq10p content is three orders of
magnitude less abundant than Qg and two orders of magnitude less
abundant than other respiratory chain components, such as the bc;
complex [10]. Yeast respiratory super complexes (as assayed by
high molecular mass cytochrome b) were detectable but greatly
decreased in the coql0 mutant relative to that of wild-type yeast
[12]. Thus, while it is possible that Coq10p transports or shuttles Qg
or Qo to the respiratory chain complexes [11], it may also serve to
escort or chaperone Q to sites within the respiratory chain complexes
that are critical for the Q cycle. It seems likely that Qg can access the
P-site of the bc; complex without Coq10p because treatment of coq10
mutant mitochondria with antimycin A induces H>0, production [12].
While this response to antimycin suggests an active Q-cycle, the bcy
complex is not functional since electrons are not transferred to cyto-
chrome c;. Treatment of coq10 mutant mitochondria with myxothiazol
failed to induce H,0, production, consistent with a defect in residence
and/or function of Qg at the bc; complex [12], perhaps at the N-site.

Coq10p homologs are present in a variety of organisms, from bacte-
ria to humans [10]. Expression of the human COQ10 homolog in coq10
null mutants of S. cerevisiae and S. pombe restored growth on non-
fermentable carbon sources [10,11]. The primary sequence of Coq10p
does not share homology with any protein domains of known function
and is classified as part of the aromatic-rich protein family Pfam03654
[13]. The structure of the Caulobacter crescentus Coq10p homolog
CC1736 was determined by NMR [14] and revealed a structure similar
to that of the steroidogenic acute regulatory-related lipid transfer
(START) domain, which is known to bind lipids such as cholesterol or
polyketides via a hydrophobic tunnel [ 15,16]. The START domain struc-
ture is classified as a helix-grip type, consisting of a seven-stranded
anti-parallel B-sheet with a C-terminal a-helix [17]. Purification of
S. cerevisiae Coq10p indicates that it binds endogenous Qg, but as puri-
fied from yeast the content of Qg was substoichiometric [10]. Studies
with S. pombe Coq10p indicate that this protein binds Q;at an equimo-
lar ratio of ligand to protein and that this binding depends on conserved
hydrophobic amino acids [11], as shown via multiple sequence align-
ment (Fig. 1). Point mutation analyses and molecular modeling studies
suggest that S. cerevisiae Coq10p likely contains a similar hydrophobic
tunnel capable of binding lipid substrates [ 18]. One postulated function
of Q binding by CC1736 and by extension Coq10p may be to chaperone
Q to its proper locations in the respiratory chain complexes.
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Most of the Coq proteins in S. cerevisiae including Coq10p are
localized to the matrix side of the inner mitochondrial membrane
[8]. Blue native-PAGE and co-precipitation experiments demonstrate
that several of the Coq proteins exist in a high molecular weight com-
plex [8,19-21]. Additionally, the steady-state levels of several of these
Coq proteins are interdependent as levels decrease significantly in
various coq null mutants [20]. In contrast, steady state levels of
Coq10p are not affected by other coq gene deletions [20]. Coq10p
has not been demonstrated to interact with the other Coq proteins
by co-immunoprecipitation but it was suggested to exist in an oligo-
meric form via sucrose gradient sedimentation [10] and was recently
shown to co-migrate via BN-PAGE with Coq2p and Coq8p [22]. Coq8p
contains protein kinase motifs and is required for phosphorylation of
Coq3p, Coq5p, and Coq7p [23]. Although Coq8p has not been shown
to exist in a macromolecular complex with other Coq proteins, it is re-
quired for the stability of several Coq proteins [20]. Over-expression
of Coq8p stabilizes the steady-state levels of several Coq proteins in
various coq null mutants including the coq10 null [10,24,25] and in-
creases the accumulation of later stage coenzyme Q biosynthetic in-
termediates [25,26]. Over-expression of Coq2p and Coq7p in the
coq10 null mutant also restores growth on non-fermentable carbon
sources, however the greatest effect is observed with over-expression
of Coq8p [ 10]. Over-expression of Coq8p leads to increased levels of en-
dogenous Qg [10], which is thought to overcome the defect in Coq10p
and allow for functional respiration. In contrast, severe over-expression
(300-fold compared to wild-type yeast) of Coq10p in S. cerevisiae im-
pairs mitochondrial respiration as observed by decreased oxygen con-
sumption and a decreased ability to utilize non-fermentable carbon
sources [24]. It was hypothesized that the respiratory defect caused
by over-expression of Coq10p in S. cerevisiae is due to sequestering of
the endogenous Qg by the excess Coql0p [24]. Over-expression of
Coq8p suppresses the respiratory deficiency resulting from severe
over-expression of Coq10p.

Here we show that expression of the C. crescentus CC1736 START
domain polypeptide in S. cerevisiae restores growth of the coq10 null
mutant on non-fermentable carbon sources and functional electron
transport. The content of Qs and Qg biosynthetic intermediates were
also examined in the coq10 null mutant as well as wild type and the
coq10 null over-expressing CC1736 or Coq8p. Binding studies with Q
of varying tail lengths as well as Q biosynthetic intermediates were
performed with purified recombinant CC1736. The results suggest
that CC1736 and Coq10p bind Q and late-stage Q-intermediates, and
play conserved roles in facilitating de novo Q synthesis and respiratory
electron transport.

2. Materials and methods
2.1. Yeast strains and growth media

Yeast strains used in this study are described in Table 1. Media
were prepared as described [27], and included: YPD (2% glucose, 1%
yeast extract, 2% peptone), YPGal (2% galactose, 1% yeast extract, 2%
peptone, 0.20% glucose), and YPG (3% glycerol, 1% yeast extract, 2%
peptone). Synthetic Dextrose/Minimal medium (SDC and SD-Ura)
was prepared as described [28], and consisted of all components
minus uracil. Drop out dextrose medium (DOD) was prepared as
described [29] except that dextrose was used in place of galactose.
Plate media contained 2% bacto agar.

2.2. Construction of multicopy yeast expression vector with the CYCI
promoter and a mitochondrial leader sequence from COQ3

Plasmids used and generated in this study are listed in Table 2. A
0.5 kb BamH1-Kpn1 fragment containing the yeast CYCI promoter
and the amino terminal mitochondrial leader sequence (residues 1
to 35) of yeast COQ3 was isolated from pQM [30]. This fragment
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L96S(Sce)
L63A(Spo)
KS0E (Sce) + E105K (Sce) V70K (Cer)
E ¥
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Dme : HRWYTKKE! 162
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Spo STEEASRG-~~RVREDLE| WHGMESKFVGS QOQAKIKHKLESENEK = == = = === w t 164
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Eco KETRLSQE~~~AB n:mu.avl TVIRAKENE SAR = = = = = = = o s e 1158

Hoa RESEGI PAYPREC THEFD ERGAATKFGPETAIPRELMFHEVHQT : 247

Mmu RESBGLPGYPRIC s TLEFD) ERGACKIYGPETNIPRELMLHEIHHT : 240

Dme SEKBGLKDIPNSC SNUANIFED IQEVRRRSGPPSIRSHVLTSDRS--- : 242
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Fig. 1. Conserved aminoacid residues in Coq10 polypeptide h ! Protein sequences were aligned with BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit html) (Ibis Biosciences,

Carlsbad, CA) and shaded as described by Genedoc with three levels of shading (http://www.nrbsc.org/gfx doc/) [54]. Resid: onserved in all proteins are shaded black, in 80% dark
grey, and in 60% light grey. Amino-terminal segments of eukarymc polypepndes preceding the first methionine of the (% crescenms (Ccr) and E. coli (Eco) polypeptides are not conserved
and were omitted from the ali for clarity. Resi d to be imp for e of resp are designated with filled bols and include C. crescentus V70K
(this work), S. pombe L63A and W104A [11]. Additional ting S. ¢ Coq10p function are designated by { and include K50E, L96S, E105K, and K162D [18]. Mutation of
K115Ein CC1736 (marked by an open square) did not impair rescue of the S. cerevisiae coq10 null mutant (this work). The aligned sequences include: S. cerevisiae COQ10 (NCBI GenelD:
854154), Schizosaccharomyces pombe COQ10 (942096), C. crescentus CBLS (942096), E. coli yfjG (945614), Homo sapiens COQ10A (93058), M. musculus COQ10B (67876), Drosophila

melanogaster CG9410 (35568), Danio rerio Zgc:73324 (393762), Chlamydomonas reinhardtii COQ10 (5718019), and Arabidopsis thaliana ATAG17650 (827485).

was inserted into the BamH1 and Kpn1 sites of the multicopy yeast/
Escherichia coli shuttle vector pRS426 [31] and named pRCM.

2.3. Cloning of C. crescentus CC1736 in yeast expression vectors

The source plasmid pCcR19-21.1 [32], encodes the full-length
CC1736 gene from C. crescentus plus eight non-native C-terminal
residues (LEHHHHHH) cloned into pET21d (Novagen derivative). A
segment of DNA containing the CC1736 ORF was amplified from
pCcR19-21.1 template DNA with the forward primer 5-GGGGTACC

Table 1
Genotype and source of yeast strains,

ATGTTGCACCGTCACGTCGTTAC-3" (—3 to + 20 bp of CC1736 under-
lined, with Kpn1 site bold) and the reverse complement primer
5'-GGGGTACCTTTGTTAGCAGCCGGATCTCAGT-3" (+489 to + 467
underlined, Kpn1 site bold). The resulting PCR product was digested
with Kpn1 and cloned into the Kpn1 site of the yeast expression plas-
mids pRCM and pCH (similar to pRCM but without the Coq3 mito-
chondrial leader) [30], to generate pRCM-CC1736 and pCH-CC1736,
respectively.

24. Site directed mutagenesis

Site-directed mutagenesis was performed with a Quick-Change
mutagenesis kit (Stratagene) according to manufacturer's protocol.
The plasmid pCcR19-21.1 provided the template for the PCR reac-
tions, which utilized the following primers for V70K and K115E

Strain Sepatype v codon replacement: V70Ksense, 5'-AGAAGTTCGCGACCCGCAAACGTC
W303-1A MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  R. Rothstein®
W303-1B MAT « ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  R. Rothstein®
W303AC0Q10 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  [10]
coq10::HIS3 Table 2
cc303 MAT « ade2-1 his3-1,15 leu2-3,112 trp1-1 [4] Plasmids used.
ura3-1coq3::LEU2 ”
W303ACOR1  MAT o ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  [50] Plasinids Relevant genes/markers SOUIceOr
reference
corl::HIS3
NM101, NM101, cog7A-1::LEU2 [51] PRS426 Yeast shuttle vector; multicopy [31]
coq7A-1 pCH1 Yeast vector with CYCI promoter; multicopy [30]
W303AABC1 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  [52] PRCM PCH1 with COQ3 mito leader; multicopy This work
abc1/coq8::HIS3 p4HN4 PRS426 with Yeast ABC1/COQ8; multicopy  [20]
W303AC0Q9  MAT « ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  [53] PG140/ST3 Yeast COQ10; multicopy [10]
c0q9::URA3 PRCM-CC1736  pRCM with C. crescentus CC1736; multicopy  This work
CC304.1 MAT « ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1  [4] pET21d E. coli expression vector EMD4Biosciences
atp2::LEU2 PET21d-CC1736 pET21d with C. crescentus CC1736 This work
* Dr. Rodney Rothstein, Department of Human Genetics, Columbia University. The a El‘:(cfmj\l;;(l)ii gggm x:z: gg:;;g:s;éiimn:;(lzz:‘;ly 2:: :,vg::

of MAT a is in bold to distinguish it from MAT alpha.
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GTGACAAAGACGC-3’ (the lysine codon is underlined); V70Kantisense,
5'-GCGTCTTTGTCACGACGTTTGCGGGTCGCGAACTTCT-3' (the antisense
lysine codon is underlined); K115Esense, 5'-CATCGAGTTTGCGTTCGAA
TCCGCGCTGCTAGACG-3' (the glutamate codon is underlined); and
K115Eantisense,5’-CGTCTAGCAGCGCGGATTCGAACGCAAACTCGATG-3’
(the glutamate anticodon is underlined ). The substitution mutations in
the resulting clones, pET-CC1736V70K and pET-CC1736K115E were
confirmed by sequence analyses performed by the UCLA DNA
sequencing facility. The Kpn1 fragments from pET-CC1736V70K and
pET-CC1736K115E were cloned into the Kpn1 site of pRCM to generate
V70K-CC1736 or K115E-CC1736, respectively.

2.5. Complementation of the yeast coq10 null mutant by C. crescentus
CC1736

Yeast transformations were performed as described [33]. The
coq10 null mutant W303ACOQ10 was transformed with each of the
following multi-copy plasmids: pRCM, (empty vector), p4HN4
(COQ8), pRCM-CC1736, pRCM-V70K, pRCM-K115E, or with the posi-
tive control plasmid, PG140/ST3 [10], containing yeast COQIO.
Transformed yeast cells were selected on SD-Ura plate medium for
3 days at 30 °C. Colonies from these plates were grown in selective
liquid medium to mid log phase (ODgoonm = 0.2-1.0). An aliquot
was diluted with sterile water to ODggonm = 0.2, and cells were serially
diluted (1:5), and 2 pl of each sample were spotted onto SD or SD-Ura
(fermentable) or YPG (non-fermentable) plate medium, and incubated
at30 °C.

2.6. Fatty acid sensitivity assays

A fatty acid sensitivity assay was used to assess relative sensitivi-
ties of different yeast mutants to oxidative stress [4]. Yeast strains
were grown in YPD media at 30 °C and 250 rpm and harvested
while in logarithmic phase (ODgoonm per ml=0.2-1.0). The cells
were washed twice with sterile water and resuspended in 0.10 M
phosphate buffer (0.2% dextrose, pH 6.2) to an optical density of
0.20 ODgoonm per ml. Aliquots (20 ml) were placed in new sterile
flasks (125 ml) and fatty acids were added to a final concentration
of 200 pM (from stocks prepared in ethanol). Following incubation
(30 °C and 250 rpm) aliquots were removed and viability was
ascertained by plate dilution assays. Plate dilution assays were
performed by spotting 2 pl of 1:5 serial dilutions (starting at 0.20
ODggoonm/m!) onto YPD plate medium.

2.7. Live cell lipid peroxidation assay

The live cell lipid peroxidation assay was performed as described
in [34]. Aliquots (10 ml) were removed from incubator (250 rpm at
30 °C) at the designated time and cells were washed twice with ster-
ile water to remove excess fatty acids. Cells (2 ODgoonm) Were
resuspended in 1 ml 0.10 M phosphate buffer, pH 6.2, 0.2% dextrose,
and treated with a 5 pM final concentration of C11-BODIPY(581/591)
(Molecular Probes). The C11-BODIPY was dissolved in ethanol and
used as a 2 mM stock. After 30 min incubation at room temperature
with shaking, cells were collected by centrifugation at 10,000 xg for
30 s, washed and resuspended in 1 ml 0.10 M phosphate buffer, pH
6.2, 0.2% dextrose. Aliquots (100 pl) were placed into a black, flat-
bottomed 96-well plate in quadruplicates. Fluorescence was mea-
sured with a 485 nm excitation and a 520 nm emission filter in a
Perkin Elmer, 1420 Multi label Counter Victor3, and data was
obtained using the Wallac workstation. Cells were visualized by fluo-
rescent microscopy with an Olympus IX70 fluorescence microscope, a
100X oil objective, and using a 490 nm excitation with a 520 nm
emission filter (FITC).
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2.8. Preparation of mitochondria from S. cerevisiae

The yeast strains were grown in selective media overnight and 1 ml
of this culture was transferred to 600 ml YPGal + 0.2% dextrose and
incubated with shaking (250 rpm, 30 °C). The cells were harvested at
ODgponm between 2 and 3. The crude mitochondria were isolated as de-
scribed [35], then flash frozen in liquid nitrogen and stored at —80 °C.
The protein concentration was measured with a BCA assay (Thermo
Scientific).

2.9. Enzymatic assays

NADH-cytochrome c¢ reductase activity was measured as described
in [36] with the following modifications. The assay was measured spec-
trophotometrically by monitoring the reduction of cytochrome ¢ at an
absorbance of 550 nm at 23 °C. The reaction cuvette contained phos-
phate buffer (6.2 mM K;HPO,4/33.8 mM KH,PO4, pH 6.2), 0.9 mM
KCN, 0.14 mM EDTA, 30 uM NADH, and 2045 uM cytochrome c.
Samples either contained ethanol as a vehicle control or 1 mM Q,,
added in from a stock in ethanol. The rate of cytochrome c oxidation
by yeast mitochondria was determined by monitoring the decrease in
absorbance at 550 nm at 30 °C. Crude mitochondria (20 pg) were
resuspended in 100 ul 0.25 M sucrose and added to 1.5 ml cuvette
containing 1 ml phosphate buffer (6.2 mM K,;HPO4/33.8 mM KH,PO4,
0.244% Brij 30, pH 6.2) and 20.45 puM freshly reduced cytochrome ¢
[36] in the presence or absence of 0.9 mM KCN. The sample mixture
was inverted and the decrease in absorbance at 550 nm was recorded
to determine the enzymatic activity using an extinction coefficient of
19.6 mM~' cm~" [36].

2.10. Western blot analysis of His-tagged proteins

Proteins were separated by SDS gel electrophoresis on 15% poly-
acrylamide gels. Proteins were transferred onto a PVDF membrane
and blocked with PBS (37 mM NaCl, 2.7 mM KCl, 4.3 mM NazHPO4,
1.47 mM KH3PO4, pH 7.4) containing 3% skimmed milk for 1 h at
room temperature. Hisg-tagged proteins were detected with chicken
polyclonal antisera directed against the His tag and conjugated to
horseradish peroxidase (Abcam, ab3553). Prior to use antisera were
diluted to 1:1500 in PBS containing 3% skimmed milk and 0.1%
Tween 20. Rabbit polyclonal antisera raised against yeast Atp2 were
diluted 1:10,000 in PBS containing 3% skimmed milk and 0.1%
Tween 20 was used as a loading control. The secondary goat anti-
rabbit antibody conjugated to peroxidase (Calbiochem) was diluted
1:10,000 in the same solution as the primary antibody. Binding was
visualized with the SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Scientific).

2.11. Analyses of Qg and Qg-intermediates in wild-type and coq10 null
mutant yeast

The content of Qs and detection of Qg intermediates was deter-
mined as described [29] with the following modifications. To monitor
Qs and Qg intermediates during log phase growth, early-, mid-, and
late-log phase growth was first determined from growth curves of
W303-1A and W303AC0Q10 in DOD medium. Wild-type and coq10
null mutant strains showed similar values of ODggp during early-,
mid-, and late-log phase culture. For labeling, yeast strains were
grown overnight in SD-complete pre-cultures, which were used to
inoculate 50 ml DOD medium to an ODggo of 0.05. For early-log
phase, cells were labeled at an ODgyo of 0.5 with 5 pg/ml *C-pABA,
5 pg/ml '3C4-4HB, or ethanol as a vehicle control for 5 h (250 rpm at
30 °C). Mid-log cells were labeled at an ODg of 1.5 and late-log cells
at an ODggg of 3.0 under the same conditions. Alternatively, Qg and Qg
intermediates were monitored in W303-1A and W303AC0Q10
yeast transformants at early-log phase. For these experiments, yeast
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Fig. 2. Complementation of a yeast coq10 null mutant by expression of C. crescentus CC1736 requires the amino acid residue V70 for respiratory function. Wild-type, respiratory
deficient cor1, yeast Q-less cog3 null mutant, and the coq10 null mutant were grown in SD complete medium and harvested during mid-log phase (0.2-1.0 ODggonm). The coq10
null mutant W303ACOQ10 was transformed with each of the following multi-copy plasmids: Empty (pRS426), COQ8 (p4HN4), COQ10 (pG140/ST3), CC1736 (pRCM-CC1736), or
with plasmids encoding CC1736 with amino acid substitutions K115E (pRCM-K115E) or V70K (pRCM-V70K). Yeast transformants were grown in selective media and harvested
during mid-log phase. Cells were washed twice with sterile water and diluted to a final ODgonm 0f 0.2. Serial dilutions (1:5) were prepared and 2 pl of each sample was spotted
onto SD-Complete or SD-Ura, and rich glycerol (YPG) plate medium and incubated at 30 °C for 3 or 4 days, as indicated.

strains were grown overnight in SD—Ura and diluted into 50 ml
DOD — Ura media to an ODgg of 0.05. Once yeast cultures reached
an ODgg of 0.5, cells were labeled with either 5 pg/ml *Cg-4HB or
5 pg/ml "*Cs-pABA for 3 h (250 rpm at 30 °C). Qs and Qg intermediates
were also monitored in concentrated cultures. For these experiments,
yeast strains were inoculated overnight in selective media and diluted
in 100 ml YPD media for a second ovemight inoculation. Yeast cells
(100 ODs) were harvested at log phase (2.0-4.0 ODgoonm) and
resuspended in 4 ml DOD media. Cells were incubated with either
40 pg/ml 3Ce-pABA or '*Cs-4HB for 2 h (250 rpm at 30 °C).

After labeling, cells were collected by centrifugation at 1000 xg for
5 min, washed twice with sterile water, and lipid extracts were pre-
pared with a 2:1 petroleum ether:methanol extraction as described
[29]. The organic phase was transferred to a new borosilicate tube,
the extraction with petroleum ether repeated two times, and the
pooled organic phase was concentrated under a stream of N, gas. A
Qg standard curve was prepared concurrently and extracted along-
side the yeast cell pellet samples. Lipids were resuspended in either
100 or 200 pl of ethanol.

HPLC-MS/MS analyses were performed as described [29] with the
following modifications; 20 pl of each lipid extract were injected onto
a Luna Phenyl-Hexyl column (100x4.6 mm, 5 um) and the HPLC

mobile phase consisted of Solvent A (methanol:isopropanol; 95:5,
with 2.5 mM ammonium formate) and Solvent B (isopropanol, with
2.5 mM ammonium formate). Initial conditions were 100% Solvent A
and linearly decreasing to 95% at 8 min with a flow rate of 0.8 ml/min.
In each sample the amount of analyte was corrected for recovery
of the Q4 internal standard. Samples were analyzed using a 4000
QTRAP hybrid triple quadrupole/linear ion trap mass spectrometer
(Applied Biosystems, Foster City, CA). Analyst 1.4.2 software (Applied
Biosystems) was used for data acquisition and analysis. Multiple reac-
tion monitoring (MRM) mode was used for detection of Qs and Qg
intermediates.

2.12. Induction and purification of C. crescentus CC1736 polypeptide

E. colistrain BL21 (DE3) pMgK was transformed with pCcR19-21.1 or
PET-CC1736K115E. Transformants were recovered on LB+ Amp + Kan
plate media and then transferred to 5 ml of LB Broth Miller medium
containing 100 pg/ml ampicillin and 60 pg/ml kanamycin and grown
overnight with aeration (250 rpm at 37 °C). The cells were diluted in
2 | of the same medium and grown for 2-3 h (250 rpm, 21 °C). Follow-
ing incubation 1 mM IPTG was added to the culture and incubation
proceeded for 16 h. Cells were collected by centrifugation at 5000 xg
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Fig. 3. Mitochondria were isolated from wild type, respiratory deficient corl null mutant, Q-less cog3 null mutant, Q-replete cog!0 null mutant and coq10 null mutant harboring

pressing the designated p

ins. NADH-cytochrome c reductase activity was determined in the absence (white bars) or presence (black bars) of 1 uM coenzyme Q.

(performed in triplicate for each sample). NADH-cytochrome ¢ activity of the yeast cog3 null mutant, cog10 null mutant and coq10 null mutant expressing empty vector and
V70K is significantly rescued by the addition of 1 uM coenzyme Q. as determined by the Student’s one-tailed t-test; a, p<0.0175; b, p<6.1 E—04; ¢, p<3.3 E—03. Values are

given as the average + standard deviation.

for 10 min, and then washed twice and resuspended in 50 ml of lysis
buffer (50 mM NaH,PO4, pH 8, 10 mM imidazole, 500 mM NaCl, 5%
glycerol, 0.1% Triton X-100, 5 mM BME, 1 mM protease inhibitor) at 4
°C with stirring for 45 min. The cells were then lysed by sonication
(Fisher Sonic Dismembrator, Model 300; 6 cycles, 45 s bursts, 45 s on
ice) at 35% duty cycle. Unbroken cells and inclusion bodies were
removed by centrifugation (12,400 xg, 15 min, 4 °C) and the superna-
tant was applied to 8 ml Ni-NTA superflow resin column (Qiagen,
Valencia, CA) at4 °C. The column was washed with 12 column volumes
of buffer A (50 mM NaH,PO,, pH 8,300 mM NadCl, 20 mM imidazole, 5%
glycerol), proceeded by a second wash with 5 column volumes of
50 mM imidazole in buffer A, and a third wash with 3 column volumes
of 100 mM imidazole in buffer A. The His-tagged CC1736 polypeptide
was eluted with 500 mM imidazole in buffer A (Thermo Scientific,
Rockford, IL). The protein was concentrated to 1.5 ml with an Amicon
Ultra centrifugal filter device (10,000 MWCO, Millipore). The con-
centrated protein was then applied to a Superdex 75 (GE Healthcare),
size exclusion column (75x 1.5 cm), equilibrated in the mobile phase

Table 3
Cytochrome c oxidase activity assay.

Cytochrome ¢ oxidase (pmol/min/mg protein)

W3031B 0.652 (£0.184)
corlA 0.572 (40.045)
c0g3A 0.172 (£0.019)
coq10A 0.230 (+0.016)
coql0A+empty 0.288 (40.051)
coq10A+COQ10 0.403 (40.073)
c0q10A+CC1736 0.470 (40.066)
coq10A+K115E 0.372 (+0.073)
coq10A + V70K 0.184 (4+0.124)
coq10A+COQ8 0.603 (40.036)
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(20 mM MES, pH 6.5, 100 mM NaCl, 5.0 mM CaCl,, 1.0 mM TCEP,
0.1 mM dodecyl maltoside, 0.02% NaNs, pre-filtered through a 0.2 um
filter membrane) to separate the CC1736 polypeptide from other con-
taminating proteins.

2.13. In vitro Q-binding assay

Each binding assay contained 2-3 nmol purified C. crescentus
CC1736 and 8-10 nmol cytochrome c¢ polypeptide. The ligands tested
included: Q,, Qy0, and ergosterol (all from Sigma), Qs (prepared as
described [37]), demethoxy-Q3 (DMQs, prepared as described [28]),
and 3-farnesyl-4-hydroxybenzoate (FHB, prepared as described [38]).
Each compound (concentration range from 0.005 to 0.27 mM) was
mixed well with either CC1736 or cytochrome ¢ in 20 mM MES buffer,
pH 6.4, containing 100 mM NaCl, 50 mM CaCl,, 0.1 mM dodecyl
maltoside, 1.0 mM TCEP, and 2% ethanol. Samples were incubated for
45 min at 30 °C and centrifuged (1300 xg, one min). The supernatant
was applied to a protein-desalting-spin-column (PIERCE, catalog
number 89862), pre-equilibrated with binding buffer to separate
protein-bound-ligand from unbound ligand. Samples were subjected
to centrifugation (1300 xg, one min) and the protein concentration
was determined by the Lowry assay [39]. Prior to lipid extraction,
3 nmol of Q4 (for samples testing binding of Q,, Qs, DMQs, or FHB) or
3 nmol Qo (for samples testing binding of Qo and ergosterol) was
added as an internal standard to each sample (65 pl). Six calibration
standards were prepared concurrently and contained the internal stan-
dard and experimental ligand over a range from 0.2 to 2.2 nmol to
generate a calibration curve. Saturated sodium chloride (1 ml) and
hexanes:2-propanol (v:v, 3:2) (2 ml) was added to each sample
and vortex-mixed for 45 s at top speed. The organic phase was trans-
ferred to a new borosilicate tube and concentrated down under a
stream of N, gas. Lipids were resuspended in 90 ul of ethanol, and
70 W of each lipid extract was manually injected into a reversed-
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Fig. 4. Yeast cog8, coq9, and coq10 mutants are hypersensitive to treatment with alLnn. Yeast strains were grown in YPD media and harvested during mid-log phase (0.2-1.0
ODgoonm)- The corl and atp2 null mutants serve as respiratory deficient controls. Cells were washed twice with sterile water and resuspended in phosphate buffer to a final

ODgoonm Of 0.2. The designated fatty acids (final concentration of 200 uM) were added to a flask c

ing 20 ml of yeast/phosphate buffer as described in Section 2.6. Samples

were removed either before addition of fatty acids (0 h control) or after 2 h of incubation at 30 °C in the presence of the designated fatty acid. Serial dilutions (1:5) were prepared
and 2 pl were spotted onto YPD plate medium. Images were taken after two days of growth at 30 °C.

phase HPLC system [40]. Samples were applied to a Luna Hexa-phenyl
column (100 x 4.6 mm, 5 pm) and separated with an isocratic mobile
phase (1 ml/min; 88:24:10 MeOH/EtOH/2-propanol), followed by UV
detection at the designated wavelength. Lipid ligands were detected
by UV absorption: 275 nm for Q,, Qs, and Qo; 271 nm for DMQs;
260 nm for FHB; and 272 nm for ergosterol. In each sample the amount
of analyte was corrected for recovery of the Q, internal standard. The
number of mol ligand bound: mol polypeptide, and dissociation con-
stant of ligand was determined with the Km calculator from Graph
Pad Prism.

3. Results

3.1. Expression of C. crescentus CC1736 START domain polypeptide
restores respiration in the yeast coq10 mutant

The yeast coq10 null mutant shows very slow growth on YPG
medium (containing glycerol as the sole non-fermentable carbon
source) (Fig. 2). This phenotype is less severe than that of other respi-
ratory deficient mutants, such as cor1 or cog3 null yeast mutants [10].
Over-expression of the C. crescentus CC1736 START domain
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2
o
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Fig. 5. Yeast coq10 null mutants expressing Coq8p, Coq10p, or CC1736 are resistant to treatment with aLnn. The fatty acid sensitivity assay was performed as described in Fig. 4
except three 100 pl aliquots were removed at 9 h of either no treatment or 200 pM aLnn. Dilutions were prepared, and then spread onto SD-complete or SD — Ura plate medium.
The chart shows the number of colony forming units (CFU) of untreated (black) and aLnn-treated (white) yeast cells. Yeast cog34, cog104, and coq10A null mutants harboring
empty vector are pr ivity to PUFA as ¢ d to PUFA treated wild-type yeast as determined by the Student's two-tailed t-test; a, p<4.3 E—07. Yeast
coq10 null mutants expressing Coq8p, Coq10p, or CC1736 are resistant to PUFA treatment as compared to coq10 null mutants expressing empty vector; b, p<2.6 E—04. For all anal-
yses the significance level a was adjusted to 0.00357 according to the Bonferroni correction.
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Fig. 6. Sensitivity of cog10 null mutant to aLnn treatment is due to increased levels of
lipid peroxidation. (A) Wild-type cells were treated with «Lnn for 2 h and three 100 pl
aliquots were removed and spread onto YPD plates after dilution. The chart shows the
CFU per . Yeast coq10, and coq10 null mutants harboring empty vector are sensitive to
PUFA treatment as compared to PUFA treated wild-type yeast as determined by the
Student’s two-tailed t-test; a, p<6.8E-04, b, p<1.3E-05. The significance level o was
adjusted to 0.01 according to the Bonferroni correction. (B) Following aLnn treatment,
yeast cells were treated with 5 uM C11-Bodipy 581/591 for 30 min at room tempera-
ture. Four 100 pl aliquots were plated in a 96-well plate and the fluorescence was mea-
sured by fluorimetry. (C) Lipid peroxidation within cells was examined as described in
(B) except cells were visualized by fluorescent microscopy. Green fluorescence indi-
cates increased levels of lipid peroxidation. Scale bar=6.6 pum.
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polypeptide (Fig. 1) harboring the 35-residue amino-terminal mito-
chondrial targeting sequence from Coq3 [30], restores growth of the
coq10 null mutant on YPG medium, comparable to that mediated by
expression of yeast Coq10p or Coq8p (Fig. 2). This result identifies
CC1736 polypeptide as a functional ortholog of yeast Coq10p.

To identify residues important for function of CC1736, two amino
acid substitutions were introduced, V70K and K115E. These residues
are conserved among many of the Coq10 homologues (Fig. 1) and
were predicted to be important for ligand binding by the START
domain of CC1736 [14]. These mutations were introduced into the
pRCM-CC1736 construct as described in Section 2.4. Expression of
the CC1736-V70K polypeptide failed to rescue the yeast coq10 null
mutant growth on glycerol, while expression of CC1736-K115E
retained ability to rescue (Fig. 2).

The defect in NADH-cytochrome ¢ reductase activity in coq10 or
cog3 mutant mitochondria can be partially rescued by addition of Q»
(a soluble Q analog with a tail of two isoprene units) (Fig. 3) [10].
In contrast, Q; does not augment NADH-cytochrome ¢ reductase
activity in either wild-type yeast or the rescued coq10 strains (Fig. 3).
Over-expression of Coq8p, Coq10p, or CC1736 in the coq10 null mutant
provided a significant rescue of the NADH-cytochrome ¢ reductase
activity in isolated crude mitochondria (Fig. 3). Mitochondria isolated
from coq10 null yeast harboring V70K, also exhibited profound defects
in NADH-cytochrome ¢ reductase activity that were rescued by
Q, (Fig. 3). Although the addition of Q, did not restore NADH-
cytochrome c reductase activity levels to that of wild type, this is likely
due to the tendency of the coq10 mutant to lose mitochondrial DNA
[10], and is evident from a decrease in the cytochrome c oxidase activity
(Table 3).

The inability of the V70K polypeptide to rescue is not due to fail-
ure of expression but may be due to the inability of being processed
correctly. A western blot (Fig. S1) shows that the V70K polypeptide
is not processed in the same manner as either the CC1736 wild type
or K115E polypeptides. These results suggest that the V70K mutation
interferes or prevents the processing of the amino terminal mito-
chondrial leader sequence fused to CC1736.

3.2. The coq10 mutant is sensitive to PUFA treatment

The yeast cog mutants are very sensitive to treatment with PUFAs,
due to the lack of Qs/QsH> antioxidant protection [4,41]. As shown in
Fig. 4, the yeast cog8, coq9, and coq10 mutants treated with linolenic
acid (alnn) for 2 h showed higher sensitivity as compared to wild-
type yeast or yeast treated with oleic acid. While the sensitivity of
the cog8 and coq9 mutants to PUFA stress is predicted due to their
lack of Qg, the coq10 null mutant has near normal amounts of Qg in
mitochondria [10]. The sensitivity of the coq10 null cannot be attrib-
uted to a lack of respiration per se, because the corl and atp2 mutants,
with defects in complex III or V, respectively, remain resistant to
PUFA treatment (Fig. 4). To understand the requirement of Coq10p
for the antioxidant function of Q/QH,, we decided to further charac-
terize the nature of the PUFA sensitivity of the coq10 mutant.

3.3. Over-expression of Coq10p, Coq8p, or CC1736 rescues the sensitivity
of the yeast coq10 null mutant to PUFA stress and suppresses accumula-
tion of lipid peroxidation products

As shown in Fig. 5, aLnn stress causes a ten-fold decrease in the
coq10 mutant cell viability (colony forming units or CFU) as com-
pared to either aLnn-treated wild-type yeast or to untreated control.
The CFU assay is more quantitative than the plate dilution assay, and
shows that although the coq10 mutant is sensitive to PUFA treatment,
it is less sensitive than the Q-less cog3 mutant. The sensitivity of the
coq10 mutant to PUFA treatment is rescued by over-expression of
Coq10p, Coq8p, or C. crescentus CC1736 (Fig. 5).



CM. Allan et al. / Biochimica et Biophysica Acta 1831 (2013) 776-791

1000% -
OWT mcoqiA mcoq10A mcog3A

100% -

% Survivors

10% -

1%

Vitamin E BHT

Vitamin C

Control

Fig. 7. Treatment of yeast coq 10 null mutants with BHT, vitamin E, or vitamin C rescues the aLnn toxicity. The fatty acid sensitivity assay and statistical analyses were as described for Fig. 3,
except yeast were treated with designated antioxidant compounds prior to the addition of aLnn. Three 100 pl aliquots were removed at 4 h, and following dilution, spread onto YPD
plates. Cell viability was assessed by colony count. Yeast strains include wild type (white), cor1 (black), coq10 (light gray), or cog3 (dark gray). In the absence of antioxidants, the number
of surviving aLnn treated cog3 and coq 10 null mutant cells is significantly lower as compared to wild type (a, p<1.6 E—05). In the presence of lipid soluble antioxidants, the number of
surviving acLnn treated coq3 and coq10 null mutant cells is significantly higher as compared to no antioxidant treatment (b, p<2 E— 05, ¢, p<1.1 E —04). The water-soluble antioxidant,
vitamin C failed to rescue cog3 mutant cells hypersensitivity to «Lnn treatment. In contrast, vitamin C afforded partial protection of the coq10 mutant cells hypersensitivity to aLnn treat-
ment (d, p<3.9 E—03). For all analyses the significance level a was adjusted to 0.0071 according to the Bonferroni correction.

To assess the level of lipid peroxidation, yeast cog10 null mutants
were treated with C11-BODIPY(581/591), a lipophilic dye that fluo-
resces upon oxidation by lipid peroxidation products. The oxidation of
C11-BODIPY(581/591) causes a fluorescent shift from red to green
and is a qualitative indicator of lipid peroxidation in living cells [42].
alnn-treated yeast coq10 mutants showed a dramatic increase in fluo-
rescent intensity as compared to aLnn-treated wild-type cells (Fig. 6B
and C). The increased levels of lipid peroxidation in the coql0 null
mutant are not due to complete loss of cell viability because after 2 h
of incubation with PUFA roughly 70% remain viable (Fig. 6A). The lipid
peroxidation levels in the yeast coq10 null mutant treated with PUFA
are decreased by the over-expression of Cog8p, Coq10p, or C. crescentus
CC1736. These results indicate that Coq10p is required for the ability of
Q to function as a lipid soluble chain-terminating antioxidant.

34. The coql0 mutant sensitivity to PUFA treatment is rescued by
antioxidants

Previous studies have shown that the PUFA sensitivity of the
Q-less cog mutants can be rescued by the addition of lipid soluble
chain terminating antioxidants, such as vitamin E and BHT [4,5]. The

sensitivity of the yeast coq10 null mutants is also fully rescued by
the addition of these lipid soluble antioxidants (Fig. 7). This rescue
of PUFA sensitivity in the cog10 mutant demonstrates that the func-
tion of Q as a lipid chain-terminating antioxidant depends on the
presence of the Coq10p polypeptide. Interestingly, the water-soluble
antioxidant vitamin C failed to rescue the aLnn hypersensitivity of
the cog3 null mutant (Fig. 7). However, vitamin C provides partial
but significant rescue to coql0 null mutant alnn sensitivity. These
results suggest that vitamin C may function to regenerate the QgH>
hydroquinone in the coql0 mutant and partially restore the ability
of Q to function as an antioxidant.

3.5. Yeast coq10 null mutants accumulate coenzyme Q intermediates and
show decreased de novo synthesis of Qg

Previous studies have shown that the yeast coq10 null mutant mito-
chondria, when isolated from early stationary phase cultures in YPGal
medium, contain near normal levels of Qg relative to wild-type yeast
[10]. To determine the efficiency of de novo Qs biosynthesis, yeast
coq10 null mutants were labeled with either '*Cs-pABA or *Cs-4HB,
two aromatic ring precursors of Q biosynthesis (Fig. 8). Incorporation

Fig. 8. Yeast cog10 null mutants have decreased de novo synthesis of '*Cg-labeled Qg compared to wild type, most notably during early-log phase growth. Wild-type and coq10 null yeast
strains were cultured in SD-complete medium overnight and diluted to an ODgyonm of 0.05 in DOD-complete medium. Ethanol (vehicle-control), *Cs4HB (white bars), or *Cs-pABA
(black bars) were added to yeast cultures at an ODgponm Of 0.5 (early-log phase), 1.5 (mid-log phase), or 3.0 (late-log phase). Prior to lipid extraction a known amount of Q, was added as
an internal standard to each sample and to the Qg calibration standards. *Cg-labeled precursor-to-product ion transitions are as follows: (A) Cs-HAB, 552.4/156.0; (B) '*Ce-HHB, 553.4/
157.0; (C) "*Ce-1DMQs, 566.6/172.0; (D) "*Cs-DMQs. 567.6/173.0; (E) "*C6-Qs, 597.4/203.1. Dashed arrows leading from HAB to IDMQs and from HHB to DMQs indicate multiple steps of
Q biosynthesis (requiring Coq3, Coq4, Coq5, and Coq6). Solid arrows indicate the deimination of IDMQs to DMQs (requiring Coq9), and the final two steps converting DMQs to Qs (requiring
Coq7 and Cog3). Error bars depict the average +-standard deviation (n=4). (The total content of Qs and Qs-intermediates ('*Ce-labeled + unlabeled), is depicted in Fig. S2). Statistical sig-
nificance was determined with the two-tailed Student’s t-test and lower-case letters above bars are indicative of statistical significance. In (A) and (B) the relative content of *C-labeled HAB
or HHB in the coq10 null during early-, mid-, or late-log phase growth were compared to the corresponding growth phase of the wild type (a, p<0.0001; b, p=0.0001; ¢, p=0.0112). The
significance level a was adjusted to 0.0167 according to the Bonferroni correction for both (A) and (B). In (E) the content of **Cs-labeled Qs in the cog10 null during early-, mid-, or late-log
phase growth was compared to amounts present in the corresponding growth phase of the wild type (a, p<0.0004). Additionally '*Cs-labeled Qg in mid- and late-log phase was compared to
early-log phase for both wild type and the cog10 null. Labeled "*Cs-Q; in wild type at late-log phase was significantly different compared to early-log phase (b, p<0.0004), and labeled Qs in
the cog10 null in mid-log phase was significantly different compared to early-log phase (c, p=0.0008 for >Cs-pABA). For all analyses in (E) the significance level o was adjusted to 0.0033
according to the Bonferroni correction.
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of *Cg-ring precursors into de novo Qs decreased as a function of
growth phase in the wild type, with the greatest incorporation occur-
ring at early-log phase and the lowest at late-log phase. In contrast de
novo Qg synthesis in the coq10 null mutant, while lower than wild
type at early-log phase, did not further decrease as cells progressed to
mid- or late-log phase (Fig. 8E). At early log phase, the yeast coq10
null mutant incorporates nearly 80% less of either of the aromatic ring
precursors into '*Ce-Qs as compared to wild type, indicating that
Q-biosynthesis in the coq10 null mutant is impaired (Fig. 8E). At late
log phase, the difference between the coq10 null and wild-type cells is
less dramatic, but the trend of impaired de novo Qg biosynthesis in the
coq10 null mutant is still readily apparent. Unlabeled '>C-Qg content
displayed a similar trend, decreasing in wild type as cells progressed
from early- to late-log phase, while remaining relatively constant in
the coq10 null mutant independent of growth phase (Fig. S2E). The ad-
dition of ring precursors boosted the total content of Qg, an effect that
was more dramatic in the wild-type as compared to the coql0 mutant
cells. These results indicate that the coq10 mutant has impaired Qg bio-
synthesis and a lower content of Qg, and these defects are most obvious
when the measurements are performed on cells during early log phase
growth.

The low content of newly synthesized Qg in the coq10 null mutant
suggested that Qs-intermediates might accumulate in this mutant.
To determine this, the lipid extracts were examined for the presence
of '®C4-Qs intermediates. The relative amounts of early (HAB and
HHB), and late stage (IDMQg and DMQg) intermediates are shown
in Fig. 8 (panels A-D). These values are an approximation because
the chemical standards required to quantify their detection by mass
spectrometry are not available. However, the relative amounts can
be compared. Relative to wild-type cells, the yeast coq10 null mutant
accumulates high levels of early Qg-intermediates ('3C4-HHB
and '3C-HAB), and both the 'C- (Fig. S2) and '*Cg-compounds
(Fig. 8A and B) are detected.

The respiratory deficiency and PUFA sensitivity of the coql0
null mutant is rescued by over-expression of Coq8p, CC1736, or
Coq10p. To examine whether such over-expression rescues the defect
in de novo Q synthesis, coql0 transformants were incubated with
the "*Cs-4HB and '3Cg-pABA ring precursors for 3 h during early log
phase growth. Over-expression of Coq8p in the cogl0 null mutant
increased the amount of de novo synthesized '*C¢-Qs by more than
130% as compared to the coq10 null mutant harboring empty vector
(Fig. 9E and Fig. S3). Similarly, over-expression of CC1736 in the coq10
null mutant increased the content of de novo synthesized *Cg-Qg by
more than 90%. While over-expression of Coq10p increased the content
of newly synthesized '*Cs-Qg from *C4-pABA by 110%, the stimulation
of synthesis in the *Cg-4HB-labeled cells was only 39% as compared to
the cog10 null. While these increases in de novo Qg content were signif-
icant, it was surprising that none of the coql0 null transformants
showed restoration of newly synthesized 'Cg-Qs to wild-type levels.

Thus, we performed similar labeling analyses during late log phase
(Fig. S4). During late log phase over-expression of yeast Coq10p in the
coq10 null mutant nearly doubles the amount of '*Cg-ring precursor
incorporated into '*Cg-Qs as compared to wild-type yeast, and over-
expression of Coq8p in the coq10 null mutant restores the amount
of de novo synthesized '>Ce-Qs to that of wild type. It is important
to note that at this stage, the wild-type cells showed a five-fold

decrease in total Qg content as compared to wild-type cells assayed
during early log phase (compare Figs. S2 and S4). It is evident that
Qs content in wild-type yeast cells varies dramatically as a function
of the growth phase and culture conditions. Thus, depending on the
culture conditions, coq10 null mutant yeast can appear to have Q con-
tent that is not significantly different from wild-type cells (Fig. S4).

Although over-expression of Coq10p, CC1736, and Coq8p increased
the amount of de novo *C¢-Qs, all cog10 null transformants continued
to accumulate the early Qg-intermediates HAB and HHB (Figs. 9 and
S3). This was also true for the late log phase cells (data not shown).
Thus the presence of each of these multi-copy plasmids in the coq10
null mutant appears to impede the normal progression of Q biosynthetic
steps, resulting in the accumulation of Qg-intermediates.

3.6. Q-binding by the purified CC1736 START domain polypeptide

Because S. cerevisiae Coq10p is prone to aggregation [10], we took
advantage of the previously described purification of the C. crescentus
CC1736 protein with carboxyl-terminal six-His tag (Section 2.12 and
[32]). The molecular mass of the isolated CC1736 and K115E polypep-
tides and their tryptic peptide fragments were in agreement with
the theoretical masses predicted from the respective amino acid
sequences (Fig. S5). Despite many attempts, we were not able to
over-express or purify the CC1736-V70K polypeptide.

We developed an in vitro binding assay (asdescribed in Section 2.13)
to determine whether purified CC1736-His8 polypeptide has Q, binding
activity (Fig. 10). Because of the very low solubility of Qo, it was not pos-
sible to determine By, . or K4 for this ligand (Table 4). However, CC1736
binding of Q; and Q, saturates at a molar ratio close to 1:1 (Table 4).
CC1736 does not bind ergosterol (Fig. 10B), and an unrelated mitochon-
drial polypeptide ( horse heart cytochrome c) lacks Q-binding, indicating
specificity for Q in this binding assay. To examine whether CC1736 can
bind intermediates of Q biosynthesis, DMQ; and FHB were tested as li-
gands in the in vitro binding assay. The results indicate that CC1736
can bind DMQs, a farnesylated analog of DMQs, but is unable to bind
to FHB, a famesylated analog of an early intermediate of Q biosynthesis
(Fig. 10B).

4. Discussion

Previous studies showed the yeast coq10 mutant to be Qs-replete,
yet its respiratory defect was rescued by the addition of Q,, a soluble
analog of Qg. This is a hallmark phenotype of the coq1-coq9 mutants
that lack Qg [10]. Thus, the role of Coq10p in facilitating the function
of Qg in respiratory electron transport poses an important and
intriguing question. In this study we take advantage of the structural-
ly characterized C. crescentus CC1736 START domain polypeptide [ 14].
We show that expression of CC1736 rescues the respiratory defects of
the coql0 mutant, and hence functions as an ortholog of yeast
Coq10p. Since human Coq10p also functions to restore respiration
of the coq10 yeast mutant [10], Coq10p/CC1736 plays a conserved
and essential role in facilitating the function of Q in respiration,
from prokaryotes to eukaryotes.

C. crescentus CC1736 and the eukaryotic homologs of Coq10p
belong to a family of lipid transfer proteins that contain a START
domain. To date, Coq10p is the only identified START domain protein

Fig. 9. De novo synthesis of *C-Qs in yeast cog10 null mutants is rescued upon transformation with COQ10, CC1736 or COQS. The designated yeast strains were cultured in SD— Ura
medium overnight, and diluted to an ODgoonm Of 0.05 in DOD — Ura medium. *Cs-4HB (white bars) or '*Cs-pABA (black bars) was added to yeast cultures at an ODgoonm 0f 0.5, corre-
sponding to early-log phase. Lipid extraction of samples and analysis of precursor-to-product transitions was performed as described in the Fig. 8 legend. '*Cs-Qs and '*Ce-labeled
Qs-intermediates are shown as in Fig. 8. The bars depict the average +standard deviation (n=4). (The total content of Qs and Qs-intermediates ('*Cs-ring-labeled + unlabeled) is
depicted in Fig. $3). Statistical significance was determined with the two-tailed Student’s t-test and lower-case letters above bars are indicative of statistical significance. In (A) and
(B) the relative content of '*Cs-labeled HAB or HHB in each of the cog70 null transformants was compared to wild type (a, p<0.0001). The relative content of *C¢-labeled HAB or

HHB between the coq10 null with empty vector and the other coq10 null t

was also

p (b, p<0.0003). In (A) and (B), the significance level a was adjusted to

0.005 according to the Bonferroni correction. In (E) the content of *Cg-labeled Qs in each of the coq10 null transformants was compared to wild type (a, p<0.0001). The relative content
of '*Cs-labeled Qg between the cog10 null transformed with empty vector and the three other coq10 null transformants was also compared (b, p <0.0024). For all analyses in (E) the sig-

nificance level o was adjusted to 0.005 according to the Bonferroni correction.
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in S. cerevisiae [10,43]. There are 15 identified members of the START
domain protein family in mammals [44]. Members of the START
domain superfamily function to transfer lipids between sub-cellular
compartments, regulate lipid cell signaling events, and serve impor-
tant roles in lipid metabolism [43]. Here we developed an in vitro
binding assay and showed that CC1736 binds Q, or Q0 in an equimo-
lar ratio (Fig. 10). The absence of specificity for the length of the
polyisoprenoid tail suggests that the binding site of CC1736 primarily
recognizes the benzoquinone head group of Q. Our findings that
CC1736 fails to bind either ergosterol or FHB, a farnesylated analog
of an early Q-intermediate, are consistent with this idea. We also
determined that CC1736 binds Q containing a farnesyl tail (Q3), and
DMQs, a farnesylated analog of demethoxy-Q, the penultimate
Q-intermediate. Because CC1736 is amenable to NMR structural anal-
yses [14], our results indicate that further study with CC1736 and Q
analogs could identify the residues responsible for Q-binding.

Mutational analyses of yeast Coq10p have identified residues that are
important for respiration and/or growth on non-fermentable sources
[11,18]. Here we showed that the V70K mutation in CC1736 prevented
rescue of the coq10 null yeast (Figs. 2 and 3). However, the V70K muta-
tion interfered with mitochondrial processing of the CC1736 polypeptide
(Fig. S1). Therefore it is not certain whether the loss of function due to
this mutation can be attributed to loss of binding or loss of correct
targeting to mitochondria. Other studies testing functionality of Coq10
mutant polypeptides did not determine whether the mutant polypep-
tides were directed to mitochondria and correctly processed.

The yeast coql0 mutant is also rescued by over-expression of
Coq8p. Over-expression of Coq8p in each of the cog null mutants
(cog3-coq9) was recently shown to restore the steady-state levels of
Coq4, Coqb, Coq7, and Coq9 polypeptides [24,25], and results in the
accumulation of novel late-stage Q intermediates [25]. Conserved
kinase sequence motifs present in Coq8 are essential for this stabiliza-
tion [23,25], consistent with the hypothesis that a phosphorylated,
multi-subunit Coq polypeptide complex is essential for Q biosynthesis
[22,23]. While these studies implicate Coq8 as a kinase responsible for
mediating the phosphorylation of several of the Coq polypeptides,
direct experimental evidence for Coq8 kinase activity is still lacking.
The story is likely more complicated, since the phosphorylation state
of two serine residues and one threonine residue identified in Coq7 ap-
pear to regulate Q biosynthesis [45]. Expression of Coq7
phosphomimetic forms decreased Q content, and while alanine
substitution of these same residues increased Q content. The identity
of the kinase(s) mediating such phosphorylation remains to be
determined.

The multi-subunit Coq polypeptide complex is likely to be impor-
tant for the catalytic efficiency of Q biosynthesis, minimizing the
release of Q-intermediates, including unsubstituted quinones, which
are potentially reactive electrophiles, and catechols, which are prone
to oxidation. In mitochondria isolated from the coql0 null mutant,
steady state levels of Cog4p, Coq6p, Coq7p, and Coq9p are significantly
decreased as shown by western blot analysis [20]. The imbalance of Coq
proteins suggests that the Coq complex is unstable. Despite the disrup-
tion of the steady state levels of these Coq proteins, the coq10 null
mutant continues to produce Qg [10], and it was concluded that
Coq10p was not essential for Qg biosynthesis. However, previous stud-
ies did not address whether the yeast coq10 null mutants might have
subtle impairments in de novo Q synthesis.

In this study we traced de novo Qg synthesis with the '3Cg4-ring-
labeled precursors 4HB and pABA. Our analyses show that the coq10
null mutant synthesizes Qg less efficiently and accumulates high levels
of the early Q-intermediates HHB and HAB as compared to wild-type
yeast (Figs. 8-9 and S2-S3). The decreased de novo synthesis of Qg is
particularly obvious in early log phase cultures (Figs. 8 and S2). The
inefficient Q biosynthesis observed in the coq10 mutant is rescued by
the over-expression of Coq10p, Coq8p, and in part by C crescentus
CC1736 (Figs. 9 and S4). The decreased de novo synthesis of Qg in the

coq10 null is particularly obvious in early log phase cultures. This is pri-
marily due to the higher content of Qs in early log phase wild-type cells.
In fact, wild-type yeast showed a profound decrease in Qg biosynthesis
and content during the progression from early- to late-log phase (Figs. 8
and S2). This decrease in Qs content in wild-type cells accounts for an
apparent near normal content of Qs when coq10 null and wild-type
cells harvested at late log (Fig. S4), or near stationary phase [10].

It seems likely that the decreased content and biosynthesis of Qg in
coq10 null cells during early log phase may account for their sensitivity
to PUFA treatment (Figs. 4 - 7). PUFA sensitivity assays are routinely
performed on early log-phase cultures, and over-expression of Coq10p,
Coq8p, and CC1736 rescued the sensitivity of the coql0 mutant to
PUFA treatment. Stress imposed by PUFA treatment is due to the pres-
ence of vulnerable bis-allylic hydrogen atoms [5,34]. In the absence of
chain-terminating antioxidants, such as QH, or vitamin E, toxic PUFA au-
toxidation products accumulate and result in cell death. The sensitivity
of the coq10 mutant to PUFA treatment is fully rescued by the addition
of lipid soluble chain-terminating antioxidants, such as BHT or vitamin
E. While addition of vitamin C fails to rescue the PUFA sensitivity of
the Q-less cog mutants (such as coq3), vitamin C partially rescued the
PUFA sensitivity of the coq10 mutant. These results indicate that in the
absence of Coq10p, Qs content in log phase cells may be inadequate.
Hence the coq10 null cells are sensitive to PUFA stress, yet not as sensi-
tive at the Q-less cog mutants. In the coq10 null mutant cells, vitamin C
may act to restore this essential redox function of QH,.

Although over-expression of Coq8p, CC1736, or Coq10p in the coq10
null mutant results in a more efficient rate of de novo Qg biosynthesis,
high levels of the early Qg-intermediates HAB and HHB persist,
suggesting that the stoichiometry of Coq8p and Coq10p is important
for optimal Qg synthesis. These results, together with our in vitro bind-
ing assays that show Q; and DMQ; bind to CC1736, suggest that
Coq10:Qs may stabilize the Coq polypeptide complex and/or enhance
the efficiency of Qg biosynthesis.

Future studies should aim to elucidate the relationship between
Coq8p, Coq10p and the Coq polypeptide complex. We propose that
Coq10p:Qs may be important for the delivery of Qg to the Coq poly-
peptide complex, generating de novo Qs, which is delivered to the
respiratory complexes (Fig. 11A). The coql0 null mutant is known
to contain lower steady state levels of the Coq4, Coq6, Coq7 and
Coq9 polypeptides [20], decreased de novo Qg biosynthesis (Figs. 8
and 9), and hence a less efficient delivery of “new Q" to the respirato-
ry complexes (Fig. 11B). Over-expression of Coq8p restores de novo
Qg synthesis, and hence efficient delivery of Qg to the respiratory
complexes, even in the absence of Coq10p (Fig. 11C).

The presence of Qg or a Qg-intermediate is likely to be an essential
component of the Coq polypeptide complex. Padilla et al., [26] showed
that addition of Qg to cultures of the cog7 null mutant re-establishes
synthesis of DMQg. In the absence of exogenous Qg (or over-
expression of Coq8p) the coq7 null mutant accumulates just the early
intermediates HHB and HAB. We note that addition of exogenous Qs
may act directly to stabilize the Coq polypeptide multi-subunit complex
[46], and via its interaction with Coq10p, may also be delivered to respi-
ratory chain complexes. This model accounts for the observation that
exogenously added Qg failed to rescue a cog2/coq10 double mutant,
but did rescue each of the single mutants, as well as the coq2/coq3 and
coq2/coq4 double mutants [24].

The inefficiency in de novo Qg biosynthesis reported here for the
coq10 mutant does not result in a severe decrease in the total Qg con-
tent. Thus, the severe respiratory defect and sensitivity to PUFA treat-
ment manifested by the coql0 mutant remain to be explained. We
propose that much of the Qg pool in yeast may not be readily available
for respiration, but may be sequestered or aggregated at some
non-functional site. Addition of Q, rescues the cog10 mutant because
Q, is a small soluble analog, less prone to aggregation/sequestration.
We further propose that newly synthesized Qs is accessible to the
respiratory chain complexes, and can function as an antioxidant. A
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d ligands were

d from the protein by application to a desalting

column, and lipid extracts of the eluate were subjected to reversed-phase HPLC and the ligands were detected by UV absorption as described in Section 2.13. (B) shows the amount
of each ligand recovered in association with either CC1736 (black diamonds) or cytochrome ¢ (open squares): ergosterol, Q,o, Q2, Q3, DMQ3, or FHB in ascending concentration. One
representative assay is shown of at least two assays performed for each ligand. Each concentration of ligand was tested in duplicate per binding assay.
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Table 4

Determination of binding constants for CC1736.
CC1736 Q Qo Q DMQs
Bmax 1.11+031 2.77+290 1.56+1.00 3.00+0.82
Ky (mM ligand) 0.018+0.002 025940356 0.035+0016 0.14+0.077

Bmax, mol ligand bound: mol protein at saturation.
Ky, dissociation constant of ligand.
Average + standard deviation for two independent binding assays (see Fig. 10).

recent report indicates that the submitochondrial distribution of Q
(inner versus outer membrane) impacts respiratory efficiency in mice
harboring just one copy of the Coq7p ortholog Mclk1 [47]. It seems
plausible that in turn, the content of Q in the inner membrane may be
a direct function of Coq7p (and Coql0p:Q) in stabilizing the Coq
multisubunit complex, and hence delivery of new Q to the respiratory
complexes of the inner membrane. It is significant that restoration of
small amounts of de novo Q synthesis affords profound rescue of Q-less
yeast [23,46] and C. elegans mutants [48,49]. In this scenario, the provi-
sion of a small amount of newly synthesized Q may prime the assembly
of Q into one or more sites of the respiratory chain complexes.

5. Conclusions

Expression of the CC1736 START domain polypeptide rescues the
respiration defect and the PUFA sensitivity of the coq10 yeast mutant.

Wild Type  Active Coq polypeptide Complex

Coqs, Coq7, Coq9,
0q5 ) «— Coq8

Q is delivered to
respiratory complexes

coq10A Coq polypeptlde Complex Less Stable?

'\,__Coqs, Cogd, Cog5 } «— Coq8

... Low de novo Q synthesis:
A nefficient respiration

coq10A:
coQs

Restored Coq complex?

Coq8*
<«—over-
expression

Cogs, Coq7,<:oq9

NEW Q; is delivered to
respiratory complexes

Fig. 11. A model for Coq10/START domain polypeptide function in de novo Qg biosynthesis
and in delivery of Qg to respiratory chain complexes. (A) In wild-type cells, the Coq10:Q
protein:ligand complex is postulated to deliver Qs to the multisubunit Coq polypeptide
complex and so enhance stability of the Coq polypeptides and de novo synﬂlesns of Qs.
Newly synthesized Qs in the mitochondrial inner b to vy
chain complexes and can function as an antioxidant. We postulate that Coq10: 05 may
also deliver Qs to respiratory complexes. (B) The cog10 null mutant contains lower steady
state levels of Coq polypeptides [20] and is shown with a less stable multisubunit Coq
complex. Impaired de novo synthesis of Qs and lack of Coq10:Qs delivery to respiratory
complexes accounts for the inefficient respiration observed in the cog70 null mutant.
(C) The coq10 null mutant can be rescued by over-expression of COQ8, via its ability to
restore the Coq polypeptide complex [25]. We postulate that the enhanced de novo Qg bio-
synthesis formed by the Coq multisubunit complex is efficiently delivered to respiratory
complexes, despite the absence of Coq10p.

In vitro binding assays show that CC1736 binds Q and the penultimate
Q-biosynthetic intermediate DMQ. Although the yeast coq10 null mu-
tant s replete in Qg, it is respiratory defective. In this study we use stable
isotope ring precursors and show that de novo Qg biosynthesis in the
coq10 mutant is inefficient. Over-expression of Coq8p restores newly
synthesized Qs to wild-type levels, and rescues the respiratory deficien-
cy and the sensitivity of the cog10 null mutant to PUFA stress. The re-
sults suggest that efficient Q de novo biosynthesis is important for the
function of Q as a mobile electron carrier in the respiratory electron
transport chain and as a chain-terminating antioxidant.
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Abstract

Coenzyme Q (Q or ubiquinone) is a redox active lipid composed of a fully-substituted
benzoquinone ring and a polyisoprenoid tail and is required for mitochondrial electron transport.
In the yeast Saccharomyces cerevisiae Q is synthesized by the products of eleven known genes,
COQ1-COQY, YAH1, and ARH1. The function of some of the Coq proteins remains unknown
and there are steps in the Q biosynthetic pathway which are not fully characterized. Several of
the Coq proteins are associated in a macromolecular complex on the matrix-face of the inner
mitochondrial membrane and this complex is required for efficient Q synthesis. Here we further
characterize this complex via Western blotting and proteomic analysis of tandem affinity purified
CNAP (consecutive non-denaturing affinity purification)-tagged Coq proteins. We show that
Coq8p, a putative kinase required for the stability of the Q biosynthetic complex, is associated
with a Cog6p-containing complex. Additionally Qe and late-stage Q biosynthetic intermediates
were also found to co-purify with the complex. The protein of unknown function YLR290C is
also identified as a constituent of the complex and is shown to be required for efficient de novo Q
biosynthesis. Given its effect on Q synthesis and its association with the biosynthetic complex

we propose that YLR290C be renamed Coql1p.
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Introduction

Coenzyme Q (Q or ubiquinone) is small lipophilic molecule consisting of a hydrophobic
polyisoprenoid chain and a fully-substituted benzoquinone ring. The length of the
polyisoprenoid group is species specific and contains 6, 8, 9, and 10 isoprenyl units in
Saccharomyces cerevisiae, Escherichia coli, mice, and humans respectively (Crane, 1965) and
localizes Q to biological membranes. The primary function of Q is to serve as a two electron
carrier in respiratory electron transport, where it accepts electrons from NADH at complex | or
succinate at complex Il and donates them to cytochrome c¢ at complex |11 (Brandt and
Trumpower, 1994). S. cerevisiae lacks complex | and instead uses the internal or external
NADH:Q oxidoreductases on the inner mitochondrial membrane which unlike complex I do not
facilitate proton transport across the inner membrane (Grandier-Vazeille et al., 2001). Q also
functions as an electron carrier in other aspects of metabolism including dihydroorotate
dehydrogenase (pyrimidine synthesis), fatty acyl-CoA dehydrogenase (fatty acid B-oxidation),
and other dehydrogenases that oxidize various substrates including choline, sarcosine, sulfide,
and glycerol-3-phosphate (Lenaz and De Santis, 1985; Hildebrandt and Grieshaber, 2008;
Bentinger et al., 2010). QH: has also been demonstrated to function as a lipid-soluble
antioxidant capable of mitigating lipid peroxidation and regenerating alpha-tocopherol (vitamin
E) (Frei et al., 1990; Turunen et al., 2004). Primary deficiencies in Q biosynthesis have been
identified in several human patients and manifest a variety of symptoms including
encephalomyopathy, ataxia, cerebellar atrophy, myopathy, and steroid-resistant nephrotic

syndrome (Laredj et al., 2014).
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In S. cerevisiae Q synthesis is dependent on the product of elven known genes: COQ1-
COQ9, YAH1, and ARH1. COQ1-COQ9 were identified as complementation groups of Q-
deficient yeast mutants (Tzagoloff and Dieckmann, 1990; Johnson et al., 2005), while YAH1 and
ARH1 were identified through lipid analysis of Yahlp- and Arh1p-depleted strains under control
of galactose-inducible promoters (Pierrel et al., 2010). Deletion of any of these COQ genes
results in a loss of Q synthesis and consequently a failure to respire and grow on a non-
fermentable carbon source (Tran and Clarke, 2007; Pierrel et al., 2010). Deletion of either YAH1
or ARH1 results in a loss in viability as the biosynthesis of iron-sulfur clusters and heme A also
requires these gene products (Manzella et al., 1998; Barros and Nobrega, 1999; Lange et al.,
2000; Li et al., 2001; Barros et al., 2002). While required for Q biosynthesis the functions of
Coqg4p, Coqg8p, and Coq9p are not fully understood, although Coq8p has been proposed to
function as a protein kinase (Xie et al., 2011) and Coq9p is required for the replacement of the
ring amino group with a hydroxyl group (Xie et al., 2012). There are currently steps in the yeast
Q biosynthetic pathway, such as the decarboxylation reaction and subsequent ring hydroxylation,

for which no enzyme has yet been characterized.

Genetic and biochemical experiments have demonstrated the interdependence of several
of the Coq proteins and have shown the existence of a high molecular mass Coq protein
complex. Each of the cog3-coq9 null mutants accumulate only the early intermediates 3-
hexaprenyl-4-hydroxybenzoic acid (HHB) and 3-hexaprenyl-4-aminobenzoic acid (HAB)
resulting from prenylation of 4HB and pABA respectively (Xie et al., 2012). Steady-state levels
of Coqg3p, Cog4p, Cog6p, Coq7p, and Coq9p are reduced in several cogl-cog9 null mutants,
although levels of Cog3p were stabilized in cog4-coq9 mutant samples prepared with

phosphatase inhibitors (Hsieh et al., 2007; Tauche et al., 2008; Xie et al., 2012). This has been
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observed in other mitochondrial complexes such as the cytochrome bci complex and ATP
synthase in which the absence or mutation of one component protein results in reduced steady-
state levels of the other subunits (Tzagoloff et al., 1994; Glerum et al., 1997). Gel filtration
chromatography and blue native-polyacrylamide gel electrophoresis (BN-PAGE) have shown
that several of the Coq proteins exist in high molecular mass complexes and the O-
methyltransferase activity of Coq3p can be detected in these complexes (Marbois et al., 2005;
Tran et al., 2006; Hsieh et al., 2007; Marbois et al., 2009). Analysis of gel filtration fractions
has also shown the association of DMQs with the complexes (Marbois et al., 2005).
Supplementation of exogenous Qs was shown to stabilize the steady-state levels of Cog3p and
Coqg4p in the coq7 null mutant (Tran et al., 2006), enhance DMQs production in the coq7 null
mutant (Padilla et al., 2009), and stabilize steady-state levels of Coq9p in the coq3, cog4, cogs6,
coq7 null mutants and steady-state levels of Cog4p in the cog3, coq6, and coq7 null mutants (He

et al., 2014), suggesting that associated Qs plays a role in stability of the complex.

Co-precipitation experiments have demonstrated the physical association of several of the
Coq proteins; biotinylated Cog3p was shown to co-precipitate Cog4p, and HA-tagged Coq9p co-
purified Cog4p, Cogp5, Coq6p, and Coq7p (Marbois et al., 2005; Hsieh et al., 2007). Although
Cog8p has not been shown to be associated in a complex with the other Coq proteins its putative
role as a kinase is important for the stability of several other Coq proteins as overexpression of
COQ8 in various coq null mutants stabilizes several of the other Coq proteins as well as multi-
subunit Coq polypeptide complexes, and leads to the accumulation of later stage Q biosynthetic
intermediates diagnostic of the mutated step (Padilla et al., 2009; Xie et al., 2012; He et al.,
2014). Overexpression of COQ8 in the cogl or cog2 null mutants, which do not produce any

polyisoprenylated intermediates, fails to stabilize steady-state levels of sensitive Coq
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polypeptides (Xie et al., 2012). When diverse polyprenyl diphosphate synthases from
prokaryotic species that do not synthesize Q are expressed in yeast cogql null mutants Q
biosynthesis and steady-state levels of sensitive Coq polypeptides is restored (Gin and Clarke,

2005), suggesting that a polyisoprenylated compound is essential for complex stability.

The functions of certain Coq polypeptides in Q biosynthesis remains unclear and there
are reactions in the Q biosynthetic pathway for which an enzyme has not been assigned. In this
study the composition of the Q biosynthetic complex is investigated through the use of C-
terminal tandem affinity purification tags coupled to proteomic analysis. The presence of
associated Qs and Qe intermediates with the complex is also assessed. Two new candidate
proteins associated with the complex are characterized via analysis of their null mutants as well

as tandem affinity purification of one of these proteins.
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Materials and Methods

Yeast strains and growth media

S. cerevisiae strains used in this study are described in Table 1. Media was prepared as
described (Burke et al., 2000), and included YPD (2% glucose, 1% yeast extract, 2% peptone),
YPgal (2% galactose, 0.1% glucose, 1% yeast extract, 2% peptone), and YPG (3% glycerol, 1%
yeast extract, 2% peptone). Synthetic Dextrose/Minimal medium was prepared as described
(Barkovich et al., 1997), and consisted of all components (SD-complete) or all components
minus histidine (SD—his). Drop out dextrose medium (DOD) was prepared as described
(Marbois et al., 2010), except that galactose was replaced with 2% dextrose. Plate media was

prepared with 2% bacto agar.

Construction of integrated CNAP-tagged yeast strains

The coding sequence for the CNAP (consecutive non-denaturing affinity purification)

tag, HHHHHHHHHHGGAGGEDQVDPRLIDGK (Hisiotag in bold, protein C epitope

underlined) (Claypool et al., 2008) and HIS3 ORF were amplified from pFACNAPHISMX (Dr.
C.M. Koehler, Department of Chemistry and Biochemistry, UCLA) using primers with 5’
flanking regions corresponding to 50 bp upstream of the stop codon and 50 bp downstream of the
stop codon of the gene of interest. Following PCR the product was purified using the PureLink
Quick PCR Purification Kit (Life Technologies) and used to transform W303-1A yeast via the
lithium acetate/PEG method (Gietz and Woods, 2006) to allow integration of the CNAP and
HIS3 coding sequence into the endogenous stop codon of the target gene. Integrants were

selected on SD—his and screened by colony PCR to verify the presence of the CNAP-HIS3 insert
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at the correct locus. Sequences of primes used to generate CNAP-tagged constructs are listed in

Table 2.

Mitochondrial purification from yeast

Yeast strains were grown in 5 mL YPgal pre-cultures and inoculated into 600 mL YPgal
cultures for overnight growth in a shaking incubator (30 °C, 250 rpm). Cells were harvested at
an ODego of 3.5-4.0 and mitochondria were purified as described (Glick and Pon, 1995), with the
addition of Complete EDTA-free protease inhibitor cocktail (Roche) and Phosphatase inhibitor
cocktails I and Il (Calbiochem). Purified mitochondria were flash frozen in liquid nitrogen and
stored at —80 °C. The protein concentration was measured with a BCA assay using bovine

serum albumin as standards (Thermo Scientific).

Tandem affinity purification of CNAP-tagged proteins

Purified mitochondria (15 mg protein) were pelleted by centrifugation at 12,000 x g for
10 min and solubilized at 2 mg/mL with solubilization buffer (20 mM HEPES-KOH pH 7.4, 100
mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM CaCl,, Complete EDTA-free protease
inhibitor cocktail (Roche), Phosphatase inhibitor cocktails I and Il (Calbiochem), 6 mg/mL
digitonin (Biosynth)) for 1 h on ice with mixing every 10 min. The soluble supernatant fraction
was then separated from the insoluble pellet by centrifugation at 100,000 x g for 10 min in a
Beckman Airfuge. The soluble fraction was then mixed with 8 mL lysis buffer (50 mM
NaH2PO4 pH 8.0, 300 mM NaCl, 10 mM imidazole) and 800 uL bed volume Ni-NTA resin
(Qiagen) pre-equilibrated with lysis buffer and incubated at 4 °C for 90 min with mixing by

rotation. The Ni-NTA slurry was then applied to a flowthrough column and washed twice with
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12 mL Ni-NTA wash buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 20 mM imidazole, 1
mg/mL digitonin), followed by elution of bound protein with 8 mL Ni-NTA elution buffer (20
mM HEPES-KOH pH 7.4, 100 mM NacCl, 300 mM imidazole, 10% glycerol, 1 mM CaCl,, 1
mg/mL digitonin). The Ni-NTA eluate was applied directly to 1 mL anti-PC resin (Roche) pre-
equilibrated with anti-PC equilibration buffer (20 mM HEPES-KOH pH 7.4, 100 mM NaCl, 1
mM CacCl;) and incubated overnight at 4°C with mixing by rotation. The anti-PC slurry was
then applied to a flowthrough column and washed twice with 15 mL anti-PC wash buffer (20
mM HEPES-KOH pH 7.4, 100 mM NaCl, 1 mM CacCl», 1 mg/mL digitonin). Bound protein was
eluted twice with 1 mL anti-PC elution buffer (20 mM HEPES-KOH pH 7.4, 100 mM NacCl, 5
mM EDTA, 1 mg/mL digitonin). In the first elution (E1) the anti-PC resin was incubated at 4°C
for 15 min followed by incubation at room temperature for 15 minutes. In the second elution
(E2) the anti-PC resin was incubated for 15 min at room temperature. Eluates were stored at -

20°C.

SDS-PAGE and Western blot analysis

Protein samples incubated with SDS sample buffer (50 mM Tris-HCI pH 6.8, 10%
glycerol, 2% SDS, 0.1% bromophenol blue, 1.33% beta-mercaptoethanol) were separated on 1
mm 12% Tris-glycine SDS-polyacrylamide gels by electrophoresis (Laemmli, 1970) followed by
transfer to Immobilon-P PVDF membranes (Millipore) at 100 V for 1.5 h. Membranes were
then blocked overnight in 3% non-fat milk, phosphate-buffered saline (140.7 mM NaCl, 9.3 mM
Na;HPO4 pH 7.4), 0.1% Tween-20. Membranes were then probed with primary antibodies
(Table 3) in 2% non-fat milk, phosphate-buffered saline, 0.1% Tween-20 at the following

dilutions: Coqlp, 1:10,000; Cog2p, 1:1000; Coq3p, 1:1000; Cog4p, 1:1000; Coqg5p, 1:5000;
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Coqgb6p, 1:250; Coq7p, 1:500; affinity purified Cog8p, 1:30; Coq9p, 1:1000; affinity purified
Coql0p, 1:15; Atp2p, 1:2000; Mdh1p, 1:10,000; and Protein C tag (HPC4), 0.7 pg/mL. Goat
anti-rabbit secondary antibody conjugated to horseradish peroxidase (Calbiochem) was used at
1:10,000 dilutions. Blots were visualized using Supersignal West Pico Chemiluminescent

Substrate (Thermo).

SYPRO Ruby staining

Protein samples incubated with SDS sample buffer were separated on an 8-16% Criterion
SDS-PAGE gel (Bio-Rad). Following electrophoresis the gel was washed twice with water and
fixed for 1 h with 100 mL 10% methanol/7% acetic acid. The gel was washed twice with water
and then stained overnight at room temperature in the dark with 80 mL with a 1:1 mixture of
fresh and used SYPRO Ruby (Life Technologies). Following staining the gel was washed twice
with water and destained for 4 h with 10% methanol/7% acetic acid. Proteins were visualized
with an FX Pro Plus Molecular Imager (Bio-Rad) at 532 nm excitation and emission was

measured with a 555 nm long pass filter.

In-gel trypsin digestion and proteomic analysis

Sample lanes from a SYPRO Ruby-stained gel were cut into 5 mm slices and subjected to
in-gel trypsin digestion as described (Shirasaki et al., 2012), with a few modifications. Gel slices
were washed with 50 mM NH4HCO3/50% acetonitrile followed by 100% acetonitrile, three
alternating cycles total. Samples were then incubated with 10 mM dithiothreitol (MP
Biomedicals) at 60°C for one hour to reduce disulfide bonds, followed by treatment with 50 mM

iodoacetamide (Calbiochem) at 45°C for 45 min in the dark to alkylate free sulfhydryl groups.
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Gel slices were then washed once with 50 mM HN4HCOg, followed by three alternating washes
with 100 mM NH4HCO3 and 100% acetonitrile. Gel slices were then dried by speedvac at 60°C
for 10 min. Gel-entrapped proteins were then digested overnight at 37°C using 20 ng/uL trypsin
(Promega) in 50 mM NH4HCOs. Following digestion tryptic peptides were extracted from the

gel slices with 50% acetonitrile/0.1% TFA and dried by speedvac at 30°C for 2 h.

LC-MS/MS analysis of the trypsin digested peptides was performed as follows: Peptides
were resuspended in 30 pL of 3% acetonitrile/0.1% formic acid. The peptides were analyzed
using a nanoACQUITY UPLC system coupled to a Xevo QTof (quadrupole time-of-flight) mass
spectrometer (Waters). Peptides were eluted from the UPLC to the electrospray ionization mass
spectrometer using a 5 um 2G-VM Symmetry C18 180 um x 20 mm trap column in-line with a
1.8 um HSS T3, 75 um x 150 mm C18 analytical column (Waters). The digested peptides were
separated using a 0 to 60 min gradient, beginning at 3% acetonitrile/0.1% formic acid to 40%
acetonitrile/0.1% formic acid, followed by a 40-95% gradient between 60-62 mins at a flow rate
of 0.3 puL min (total run time 90 min). [Glu!]-Fibrinopeptide B was used as a mass calibration
standard (100 fmol/uL) and was infused via a separate electrospray ionization sprayer, and the

standard peptide was measured every 45 s during data collection.

The mass spectrometer was operated in the MSE data-independent acquisition mode
(Silva et al., 2006; Silva et al., 2006; Geromanos et al., 2009). ProteinLynx Global Server
(PLGS version 3, Waters) was used for protein identification. The MS data were searched
against the Uniprot Saccharomyces cerevisiae (strain ATCC 204508/S288c) reference proteome
dataset. The database was further supplemented with sequences for keratin and trypsin. The MS

data files were searched using the PLGS algorithm that includes precursor and product ion
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tolerance, minimum number of peptide matches (1), minimum number of product ions per
peptide (3), minimum number of product ions per protein (7), maximum false positive rate (4%).
Searches were limited to trypsin proteolysis fragments and peptide precursors, and product ion
mass tolerances were set to automatic detection. Carbamidomethylation of Cys residues was set
as a fixed modification, and Met oxidation, Ser, Thr and Tyr phosphorylation, and Cys

propionamidation resulting from iodoacetamide treatment were set as variable modifications.

Metabolic labeling of Qs with $3Ce-labeled precursors

Yeast strains were grown overnight in 5 mL SD-complete and diluted to an ODegoo 0f 0.05
in 50 mL DOD-complete. Cultures were grown to an ODeoo Of 0.5, corresponding to early-log
phase, and then labeled with either 1*Cs-4HB or 13Cs-pABA at a concentration of 5 pg/mL (250
pg total). Cells were grown an additional three hours with label, harvested by centrifugation at

2000 x g for 10 min, and stored at —20 °C. Wet weights were determined for yeast cell pellets.

Analysis of Qe and Qs intermediates

Lipid extraction of eluate samples and cells grown in DOD-complete was performed with
methanol/petroleum ether and Q4 as an internal standard, and LC-MS/MS analysis of extracts
was performed as described (Marbois et al., 2010). Briefly, a 4000 QTRAP linear MS/MS
spectrometer from Applied Biosystems (Foster City, CA) was used, and Analyst version 1.4.2
software (Applied Biosystems) was used for data acquisition and processing. A binary HPLC
delivery system was used with a phenyl-hexyl column (Luna 5u, 100 x 4.60 mm, 5-um,
Phenomenex), with a mobile phase consisting of Solvent A (methanol/2-propanol, 95:5, 2.5 mM

ammonium formate) and Solvent B (2-propanol, 2.5 mM ammonium formate). The percentage
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of Solvent B was increased linearly from 0 to 5% over 6 min, and the flow rate was increased
from 600 to 800 pL/min. The flow rate and mobile phase were changed back to initial
conditions linearly by 7 min. All samples were analyzed in multiple reaction monitoring mode

(MRM).
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Results

Effects of CNAP tag integration on respiration and Q biosynthesis

The CNAP tag was integrated into the 3” end of the COQ3, COQ6, and COQ9 ORFs,
generating the CNAP3, CNAPG, and CNAP9 strains respectively. The ability of these strains to
respire as measured by growth on a non-fermentable carbon sources was assessed by plate
dilution assay, using W303 as the wild-type control and ACOQ8 as the Q-less, respiratory
defective control (Fig. 1A). All three tagged strains grew as well as wild type on the non-
fermentable carbon source, YPG, while the Q-less mutant failed to grow. The three tagged
strains as well as the Q-less mutant were generated by chromosomal integration of the HIS3 ORF
and grew on SD—his, while the wild type did not. All five strains were able to grow on the

permissible carbon source YPD.

De novo Q biosynthesis was measured by LC-MS/MS of cells grown in DOD-complete
media labeled with the stable isotopically-labeled ring precursors **Cs-4HB or 3Cs-pABA (Fig.
1B). Levels of de novo *Cs-Q in CNAP3 synthesized from either precursor were not
significantly different compared to wild type, while de novo 3Ce-Q synthesized from 3Cs-4HB
in CNAP6 and 3Cs-pABA in CNAP9 was not significantly different compared to wild type. De
novo 2Ce-Q synthesized from *Cs-pABA in CNAP6 was 120% of wild type, while de novo
13C6-Q synthesized from 3Cg-4HB in CNAP9 was 70% of wild type. The ACOQS8 strain did not
produce detectable de novo **Cs-Qs. Total Q accumulation was also measured by analyzing
unlabeled, 12C-Qg by LC-MS/MS (Fig. 1C). Levels of accumulated Qs in CNAP3 grown with
both precursors was not significantly different compared to wild type, while accumulated Qe in

CNAP9 grown with 3Cg-pABA was not significantly different compared to wild type.
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Accumulated Qg in CNAP6 was 80% of wild type under 3Cs-4HB labeling, while it was 120%
under *Cs-pABA compared to wild type. Accumulated Qs in CNAP9 labeled with *Ce-4HB
was 80% of wild type. The ACOQ8 strain did not accumulate detectable Qe. The results
indicate that CNAP-tagged Coq3, Coq6, or Coq9 polypeptides expressed from the integrated loci

remain functional.

Co-precipitation of Coq proteins with CNAP-tagged Coq proteins

Solubilized mitochondria (15 mg protein) from W303, CNAP3, CNAP6, and CNAP9
were subject to tandem affinity purification of the CNAP tag. Purified mitochondria (25 pg
protein) and fractions of the first anti-PC eluate (E1) were analyzed by Western blot to identify
interacting Coq proteins (Fig. 2). Membranes were probed with antibodies to Coglp-Cogl0p,
the protein C epitope to identify the tagged protein, and Atp2p and Mdh1p to assess the purity of
the eluates. CNAP3 co-precipitated Cog4p, Cog5p, Cog6bp, Coq7p, and Coq9p; CNAPG co-
precipitated Cog4p, Coqg5p, Coq7p, Cog8p, and Coq9p; and CNAP9 co-precipitated Cog4p,
Coqg5p, Cog6bp, and Coq7p. The Cog5p and Coq9p signal was much weaker in CNAP3 and
CNAP6 compared to CNAP9. The predominant band in the Cog3p blot is a non-specific band at
the same molecular mass as Coq3p, accounting for the non-shifted band in CNAP3 M. All three
tagged proteins are present in their respective blots at shifted molecular masses due to the tag and
are denoted by arrows. The three tagged proteins are also present on the anti-PC blot at their
appropriate molecular masses. No signal is visible in the eluate fractions for the non-specific

mitochondrial proteins Atp2p and Mdh1p.

Identification of associated lipids and proteins by mass spectrometry
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Aliquots of anti-PC eluates (29% E1 and 29% E2) were combined for each strain and
subject to lipid extraction (Fig. 3). Extracts were then analyzed by LC-MS/MS for Qs and Qs
biosynthetic intermediates. The CNAP3, CNAPG, and CNAP9 eluates were all found to have
11.7-fold, 8.6-fold, and 22.6-fold higher levels respectively of associated Qs compared to wild
type (Fig. 3A). The late stage intermediate DMQs was also measured and found to be 30.0-fold
higher in CNAP3, 24.0-fold higher in CNAPS6, and 97.0-fold in CNAP9 compared to wild type
(Fig. 3C). The late stage intermediate IDMQs was also found in measurable quantities in the
CNAP3, CNAP6, and CNAP9 eluates, while no IDMQe was detected in the wild type eluate
(Fig. 3E). Representative HPLC traces of Qs, DMQs, and IDMQs are shown (Figs. 3B, 3D, and
3F). The early intermediates HHB and HAB were not detectable in any of the analyzed eluates

(data not shown).

Aliquots of the anti-PC eluates (20% E1 and 20% E2) were combined for each strain,
dried by speedvac, and resuspended in 42 uL SDS sample buffer. Protein was then separated on
an 8-16% Criterion SDS-PAGE gel (Bio-Rad) and stained with SYPRO Ruby (Life
Technologies) to visualize total protein (Fig. 4). CNAP3, CNAPG, and CNAP9 each contain
several unique protein bands compared to wild type, specifically at 25-37 kDa and 50 kDa. Each
sample lane was cut into 5 mm slices and subjected to in-gel trypsin digestion. Tryptic peptides
were analyzed by LC-MS and the results from several trials are shown in Table 4. Several of the
Coq proteins observed by Western blotting were detected by mass spectrometry of the CNAPS3,

CNAPG6, and CNAP9 eluates.

Analyses of the ILV6 and YLR290C null mutants
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The ILV6 and YLR290C null mutants in the BY4741 background were purchased from
the GE Healthcare yeast knockout collection for phenotypic analysis due to their presence in the
CNAP-tagged Coq protein eluates (Table 4). The ability of these null mutants to grow on a non-
fermentable carbon source was assessed by plate dilution assay using BY4741 as the wild-type
control and ACOQ3 as the Q-less, mutant control (Fig. 5). Both the ILV6 and YLR290C null
mutants grew as well as wild type on the non-fermentable carbon source YPG, while the cog3

null mutant failed to grow. All strains grew on the permissible carbon source YPD.

The levels of de novo $3Cs-Qs biosynthesis as well as accumulation of Qs and Qs
intermediates were measured by LC-MS/MS of yeast cultures grown in DOD-complete medium
labeled with the stable isotopically-labeled precursors **Cs-4HB or 3Ce-pABA (Fig. 6). The ilve
and yIr290c null mutants both produced high levels of de novo *Cs-HAB and *Ce-HHB, similar
to the cog3 null mutant (Fig. 6A and 6C). The null mutants also accumulated higher levels of
12C.HAB and 2C-HHB compared to wild type, although the ilvé null accumulated >*C-HAB to a
greater extent under 3C¢-4HB and *Cs-pABA labeling (370% and 420% respectively) than the
yIr290c null (170% and 150% respectively), and relative levels of 12C-HHB were only modestly
greater than wild type (Fig. 6B and 6D). The late stage intermediate *Cs- or 12C-IDMQs was not
detected in this analysis (data not shown), however the ylr290c null mutant labeled with Ce-
PABA was found to have reduced levels of 13Cs-DMQg relative to the wild type, while the ilvé
null mutant had increased levels when labeled with *Cs-pABA (Fig. 6E). In contrast the ilve
null mutant labeled with 3Ce-pABA and the ylr290c null mutant both accumulated higher levels
of 2C-DMQs relative to wild type (Fig. 6F). The ilve null mutant produced 60% de novo 3Cs-
Qs compared to wild type when labeled with *3Cg-4HB, while the ylr290c¢ null mutant produced

severely reduced de novo 3Cs-Qs when labeled with either 3Cg-4HB or *Cs-pABA (6.1% and
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4.5% of wild type respectively) (Fig. 6G). The ylr290c null mutant also accumulated
significantly less 12C-Qs when labeled with 3Cs-4HB and *Cs-pABA compared to the wild type
(17.5% and 21.8% of wild type respectively) (Fig. 6H). Interesting the ylr290c null mutant
appeared to synthesize wild-type levels of Qs when grown in rich media (unpublished
observations). Representative traces of de novo *Cs-Qs comparing the wild type to the ylr290c
null labeled with 2*Cs-4HB are shown (Fig. 61). These results indicate that both ylr290c and ilve
null mutants accumulate higher levels of Qe intermediates, and that the ylr290c null mutant has

defective Q synthesis compared to wild type.

Analysis of CNAP-tagged YLR290C

The CNAP tag was integrated into the 3” end of the YLR290C open reading frame in
W303-1A to yield the strain designated CA-1. The levels of de novo and accumulated Qe were
measured in this strain to assess the impact of the tag on Qe biosynthesis (Fig. 7). The CA-1
strain produced modestly reduced levels of de novo 3Cg-Qs with both *Cs-4HB (70% of wild
type) and *Cs-pABA (80% of wild type). Levels of accumulated ?C-Qg were also decreased in

CA-1 when labeled with either 1*Cs-4HB (70% of wild type) or 3Ce-pABA (70% of wild type).

Solubilized CA-1 mitochondria (15 mg protein) were subjected to tandem affinity
purification of the CNAP tag (Fig. 8). Purified mitochondria (25 pg protein) and fractions of the
first anti-PC eluate (E1) were analyzed with by Western blotting to identify interacting Coq
proteins. Membranes were probed with antibodies to Coqlp-Coq9p, the protein C epitope to
identify the tagged protein, and Atp2p and Mdh1p to assess the purity of the eluates. Coq4p,

Coqg5p, and Coq7p were observed to co-precipitate with YLR290C-CNAP in the CA-1 strain,
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while the non-specific mitochondrial proteins Atp2p and Mdh1p were not present in the eluate.

The anti-PC blot verifies the presence of the CNAP-tagged protein.

Aliquots of anti-PC eluates (29% E1 and 29% E2) were combined for the wild type and
CA-1 strains and subject to lipid extraction (Fig. 9). Extracts were then analyzed by LC-MS/MS
for Qs and Qe biosynthetic intermediates. The CA-1 eluate was found to have 5.4-fold higher
levels of associated Qs compared to wild type (Fig. 9A). The late stage intermediate DMQs was
also measured and found to be 6.7-fold higher in CA-1 relative to wild type (Fig. 9C). The late
stage intermediate IDMQs was also found in measurable quantities in the CA-1 eluate, while no
IDMQs was detected in the wild type eluate (Fig. 9E). Representative traces of Qs, DMQs, and
IDMQs are shown (Fig. 9B, 9D, and 9F). The early intermediates HHB and HAB were not

detectable in any of the analyzed eluates (data not shown).
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Discussion

This study characterized the composition of the Q biosynthetic complex in yeast
mitochondria using tandem affinity purification of C-terminally tagged Coq proteins. The
CNAP tag was used to purify the complex from digitonin-solubilized mitochondria under gentle
conditions to preserve the noncovalent associations between protein constituents of the complex
to allow for identification by both Western blotting and mass spectrometry analysis. The CNAP
tag did not disrupt the function of the tagged Coq proteins as assayed by growth on a non-
fermentable carbon source and de novo Q biosynthesis (Fig. 1), making it a suitable system to
study the in vivo Q biosynthetic complex. Tandem affinity purification of tagged Coq3p, Coqb6p,
and Coqg9p confirmed the association of Cog3p, Cog4p, Cog5p, Cogép, Coq7p, and Coq9p in
one or more complexes, and also demonstrated the association of Cog8p with a Coqg6p-
containing complex (Fig. 2). Coq3p, Cog5p, and Coq7p are phosphorylated in a Coq8p-
dependent manner (Tauche et al., 2008; Xie et al., 2011) and overexpression of COQ8 in various
coq null mutants stabilizes several of the other Coq polypeptides and leads to accumulation of
later stage Q biosynthetic intermediates (Padilla et al., 2009; Xie et al., 2012; He et al., 2014),
however in this study we show the first direct evidence of association of Cog8p with the Q

biosynthetic complex.

The eluates from tandem affinity purification were also subjected to proteomic analysis to
identify potentially novel binding partners beyond the known Coq proteins, the results of which
are shown in Table 4. Several of the Coq proteins were observed in the eluates for the CNAP-
tagged Coq proteins, consistent with results observed by Western blotting in Figure 2. In

addition to the Coq proteins a few other proteins were detected at levels comparable to the Coq
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proteins: YLR290C in the CNAP3 eluate and 1lv6p in the CNAP9 eluate. [lv6p was also
detected in the wild type control and the CNAP3 and CNAPG6 eluates, but was most strongly
detected with the CNAP9 eluate. The potential function of these two proteins in Q biosynthesis
was assessed by monitoring growth on a non-fermentable carbon source and measuring de novo
Q synthesis using stable isotopically-labeled ring precursors for the corresponding null mutants.
The ylr290c and ilv6 null mutants did not display impaired growth on a non-fermentable carbon
source (Fig. 5), however the ylr290c null was found to have severely decreased de novo Q
synthesis as well as decreased total Q as measured by **Cs-Qs and *2C-Qg respectively (Fig. 6).
The ability of the ylr290c null mutant to grow on a non-fermentable carbon source in spite of its
decreased Q synthesis is not surprising as other mutants with decreased Q synthesis have been
characterized and retain the ability to grow on a non-fermentable carbon source (Allan et al.,

2012; Nguyen et al., 2014).

The CNAP tag was integrated into the 3’°-end of the YLR290C ORF to generate a C-
terminal fusion protein which was subject to tandem affinity purification to determine whether
there were any co-purifying proteins. Western blotting showed that YLR290C co-purified with
Coqg4p, Cogbp, and Coq7p, confirming the results of the proteomic analysis and demonstrating
association of YLR290C with the Q biosynthetic complex (Fig. 8). The levels of co-purified
proteins were less than observed for CNAP-tagged Coq3p, Coq6p, and Coq9p, which is
consistent with the observation that proteomic analysis of the CA-1 eluate did not identify
additional binding partners (not shown). It may be that YLR290C is more transiently associated
with the Q biosynthetic complex or is less stable in digitonin extracts of mitochondria, leading to

a reduced yield of associated proteins.
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Previous studies have shown that the late stage Q intermediate DMQse co-purifies with the
Q biosynthetic complex (Marbois et al., 2005), and exogenous Qs has been shown to stabilize
particular Coq proteins and lead to production of later stage biosynthetic intermediates in certain
cog mutants (Tran et al., 2006; Padilla et al., 2009; He et al., 2014), suggesting a function for Q
or a Q intermediate in the stability of the biosynthetic complex. To further explore the
association of associated lipids with the Q biosynthetic complex eluates from tandem affinity
purification were subjected to lipid extraction and LC-MS/MS to measure Qe and Qs
intermediates. In the CNAP3, CNAPG6, and CNAP9 eluates Qs, DMQs, and IDMQs were all
detected at levels significantly greater than the wild-type control (Fig. 3), while the early
intermediates HHB and HAB were not detected (data not shown). The CA-1 eluate was also
analyzed to measure the association of Qs and Qs intermediates with a YLR290C-containing
complex and was found to also contain Qs, DMQs, and IDMQe (Fig. 9), while the early
intermediates HHB and HAB were not detected (data not shown). These results are consistent
with the previous observations of associated DMQs with the Q biosynthetic complex and ability
of exogenous Qs to stabilize several Coq proteins in certain coq mutants. Cog4p was previously
hypothesized to serve as a scaffolding protein for the complex and the crystal structure of the
Cog4p homolog Alr8543 from Nostoc sp. PCC7120 revealed a bound geranylgeranyl
monophosphate, suggesting that Cog4p functions to stabilize the Q biosynthetic complex through
its interactions with other Coq proteins and a polyisoprenoid lipid (Marbois et al., 2009; Rea et
al., 2010). Coql10p was shown to be required for efficient de novo Q biosynthesis and was
demonstrated to bind Q and a late-stage Q intermediate via a START domain, leading to the
hypothesis that Coq10p acts a Q chaperone and is necessary for delivery of Q to the biosynthetic

complex for efficient de novo Q synthesis (Allan et al., 2012). The observation that YLR290C
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co-purified with Q and late-stage Q intermediates is consistent with the Western blot results
showing the association of YLR290C with Cog4p, Cog5p, and Coq7p, and supports the role of

YLR290C as a component of the Q biosynthetic complex.

The function of YLR290C is unknown however it is known to be a mitochondrial protein
through a high-throughput study (Perocchi et al., 2006) and does not appear to have any
significant non-fungal homologs among well-studied model organisms, with the exception of the
uncharacterized Arabidopsis thaliana protein At1g32220, which has 26% identity with
YLR290C and is predicted to be imported into the chloroplast (Boratyn et al., 2013; UniProt,
2014). Primary sequence analysis identified YLR290C as part of the short-chain
dehydrogenase/reductase (SDR) superfamily, which include a diverse family of oxidoreductases
and catalyze reactions such as isomerization, decarboxylation, epimerization, imine reduction,
and carbonyl-alcohol oxidoreduction (Marchler-Bauer et al., 2013). SDR proteins contain a
conserved Rossmann fold, a structural motif found in proteins that bind nucleotide cofactors such
as NAD(P), FAD, and FMN (Rossmann et al., 1974). The crystal structure of Pseudomonas
aeruginosa UbiX, which catalyzes the decarboxylation step in the Q biosynthetic pathway in that
organism, was shown to contain a Rossmann fold with a bound FMN (Kopec et al., 2011).
Similarly the structure of E. coli Padl, a paralog with 51% identity to E. coli UbiX which
catalyzes the decarboxylation reaction in the Q biosynthetic pathway, was shown to contain a
typical Rossmann fold with a bound FMN (Rangarajan et al., 2004). While the function of the
Rossmann fold in YLR290C remains unclear it is tempting to speculate that it may also function
to catalyze an FMN-dependent decarboxylation in the yeast Q biosynthetic pathway. The
observation that the ylr290c null mutant still produces small amounts of Qs is not fully consistent

this hypothesis, however there may be redundant decarboxylases capable of bypassing the
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ylr290c null such as Pad1p and Fdclp, two phenylacrylic acid decarboxylases with homology to
the E. coli Q biosynthetic decarboxylases UbiD and UbiX (Gulmezian et al., 2007; Mukai et al.,
2010). Expression of yeast PAD1 in an E. coli ubiX mutant restored Qg synthesis, however yeast
mutants lacking either PAD1 or FDC1, or both PAD1 and FDC1 produce wild type levels of Qe

(Gulmezian, 2006; Gulmezian et al., 2007), potentially due to their functions as redundant

decarboxylases.

ILV6 encodes the regulatory subunit of acetolactate synthase; ILV2 catalyzes this
committed step of branched-chain amino acid biosynthesis in yeast mitochondria (Cullin et al.,
1996). Ilv6p is not an essential protein and is not required for the catalytic activity of 1lv2p, but
regulates llv2p through feedback inhibition by valine, a final product of the branched-chain
amino acid biosynthetic pathway, an effect reversed by binding of ATP to Ilvep (Cullin et al.,
1996; Pang and Duggleby, 2001). An association of 1lvep with the Q biosynthetic complex may
suggest a metabolic regulatory mechanism on Q synthesis, with both ATP and valine potentially
serving an allosteric role. The regulatory effects of these two molecules on the Q biosynthetic
complex through Ilvép would likely be reversed with respect to their effects on Ilv2p, given the
catabolic function of Q in energy metabolism versus the anabolic nature of amino acid
biosynthesis. Although Qs intermediates were higher, the ilvé null mutant had near normal Qs

content and de novo Qg biosynthesis.

In this study we show that tandem affinity tagged Coqg3p, Coq6p, and Coq9p all co-purify
with Coq polypeptide biosynthetic complex and recapitulate the results from previous affinity
purification experiments (Marbois et al., 2005; Hsieh et al., 2007), with the additional

observation that Cog3p is now shown to be associated the entire complex and not just Cog4p. In
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addition Cog8p was observed to co-purify with a Cog6p-containing complex, but not with tagged
Coq3p or Coq9p, suggesting a closer association with Cog6p. While Coq8p is required for the
stability of the Coq polypeptides and the biosynthetic complex (Xie et al., 2012; He et al., 2014)
this is the first evidence showing direct association of Coq8p with the complex. Consistent with
this observation a recent study reported that in a mouse Cog9°%** mutant steady-state levels of
the mouse Coq8p homolog Adck3 were significantly decreased relative to wild type in heart and
kidney tissues (Lohman et al., 2014). Proteomic analysis revealed two primary candidate
proteins as potential members of the Coq complex, YLR290C and 1lv6p, and analysis of the
corresponding null mutants revealed that loss of YLR290C leads to significantly decreased

synthesis of Q, consistent with a role in Q biosynthesis.

Tandem affinity purification of tagged YLR290C confirmed its association with the Q
biosynthetic complex and lipid analysis demonstrated that a YLR290C-containing complex was
also associated with Q, DMQs, and IDMQs. Lipid analysis of the Coq complex also revealed the
association of Qs and the two late-stage biosynthetic intermediates DMQs and IDMQs, but not
the early-stage intermediates HHB and HAB, suggesting that an associated polyisoprenoid
quinone is necessary for the stability of the complex. The crystal structure of human COQ9 was
recently solved and shown to have a lipid-binding site, and mass spectrometry analysis of
purified human COQ9 demonstrated that it is associated with several lipids, including Q
(Lohman et al., 2014). These observations strongly indicate YLR290C performs a definitive
function in Q biosynthesis and we propose that this protein be designated Cogl1p. These results
have been incorporated into an updated model of the Q biosynthetic complex (Fig. 10), which
now depicts Coq8p in association with Cog6p and YLR290C, designated Coql1p, in association

with Cog4p, Coq5p, and Coq7p.
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While an ilvé null mutant did not appear to affect Q synthesis it may still function in a
regulatory capacity to modulate Q biosynthesis, similar to its role in regulating the activity of
Ilv2p (Pang and Duggleby, 2001). Additional characterization of the potential interaction of
IIv6p with the Coq complex is required to further understand this possible function. There are
functional homologs of 1lv6p in prokaryotes and plants but not other eukaryotes, making this
possible regulatory scheme unique to prokaryotes, fungi, and plants (Cullin et al., 1996; Hershey
et al., 1999; Lee and Duggleby, 2001). There were additional protein candidates from proteomic
analysis of the tandem affinity purification eluates and further characterization of these proteins
may yield a more complete understanding of the proteins associated with the Q biosynthetic

complex and the regulation of this pathway.
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Table 1

Genotype and source of yeast strains

Strain Genotype Source or Reference
W303-1A Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1  R. Rothstein®
ura3-1
W303AC0OQ8 Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1 (Do et al., 2001)
ura3-1 coqg8::HIS3
CNAP3 Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1  This study
ura3-1 COQ3::COQ3-CNAP-HIS3
CNAP6 Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1  This study
ura3-1 COQ6::COQ6-CNAP-HIS3
CNAP9 Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1  This study
ura3-1 COQ9::COQ9-CNAP-HIS3
CA-1 Mat a ade2-1 his3-1,15 leu2-3,112 trp1-1  This study
ura3-1 YLR290C::YLR290C-CNAP-HIS3
BY4741 MAT a his3A1 leu2A0 met15A0 ura3A0 (Brachmann et al., 1998)
BY4741ACOQ3 MAT a his3A1 leu2A0 met15A0 ura3A0 (Winzeler et al., 1999)

BY4741AILV6

BY4741AYLR290C

cog3::kanMX4

MAT a his3A1 leu2A0 met15A0 ura3A0
ilve::kanMX4

MAT a his3A1 leu2A0 met15A0 ura3A0
ylr290c::kanMX4

(Giaever et al., 2002)P

(Giaever et al., 2002)P

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

b GE Healthcare Yeast Knockout Collection, available on-line
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Table 2

Primers used to integrate 3> CNAP tag coding sequence

Primer Sequence?

COQ3-CNAP F 5’-ACGATTGTTCCGATGTCGGTAATTATTTTATGGCTATTCA
GAGACTGAATCACCACCACCACCATCACC

COQ3-CNAP R 5>-TATTTATATAAGAAGATATTTACAGTCAGATACCTACTTT
TCGTTTGATTGAATTCGAGCTCGTTTAAAC

COQ6-CNAP F 5’-TCGGTCCAGTTAAGAATATGATCATTGACACATTAGGAG
GAAATGAGAAACACCACCACCACCATCACC

COQ6-CNAP R 5’-CATAAATAATTCTTAAAAGTGGAGCTAGTCTATTTCTATT
TACATACCTCGAATTCGAGCTCGTTTAAAC

COQ9-CNAP F 5’-ATACGTTAATGTCTACGGTAAATTTAATCAAATCTCAATT
AGTTAGGGGTCACCACCACCACCATCACC

COQ9-CNAP R 5’-ATACCTACGCATTTCACTGTCCTAAACTTCAAATTGACAT

GTAAGATTGCGAATTCGAGCTCGTTTAAAC

YLR290C-CNAP F  5-AAAACCCAGATTTTAAAGGGGTAGTTACACTTGAGGAAA
TACTTAAAGCACACCACCACCACCATCACC

YLR290C-CNAPR  5’-TGTAAATAAAAGAGAAAAATAGATTAATAAATATAATAA
TGGCATAATCAGAATTCGAGCTCGTTTAAAC

& Underlined nucleotides denote 50 bp flanking the stop codon upstream (F) and downstream (R)

of the target gene
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Table 3

Description and source of antibodies

Antibody Source

Atp2p C.M. Koehler?

Coqlp (Gin and Clarke, 2005)
Cog2p (Hsieh et al., 2007)
Coqg3p (Poon et al., 1999)
Cog4p (Belogrudov et al., 2001)
Coqg5p (Baba et al., 2004)
Coqbp (Gin et al., 2003)
Coq7p (Tran et al., 2006)
Coq8p (Hsieh et al., 2007)
Coq9p (Hsieh et al., 2004)
Coql0p (Barros et al., 2005)
Mdh1p L. McAlister-Henn®
Protein C Antibodies-online Inc.

& Dr. C.M. Koehler, Department of Chemistry and Biochemistry, UCLA

b Dr. L. McAlister-Henn, Department of Molecular Biophysics and Biochemistry, University of

Texas Health Sciences Center, San Antonio
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Figure 1. Expression of CNAP-tagged Cog3, Coq6, or Coq9 proteins preserves growth on a
non-fermentable carbon source and de novo Q biosynthesis. (A) Designated yeast strains
were grown overnight in 5 mL YPD, diluted to an ODeoo of 0.2 with sterile PBS, and 2 pL of 5-
fold serial dilutions were spotted onto each type of plate media, corresponding to a final ODgoo of
0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30°C and growth is depicted
after two days for both YPD and SD-his, and three days for YPG. Total *3Cs-Qs (*3Cs-Qs + *3Cs-
QsH2) (B) and total 2C-Qs (**C-Qs + 2C-QgH>) (C) were measured in the designated yeast

strains by HPLC-MS/MS. Yeast strains were grown overnight in 5 mL SD-complete, diluted to
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an ODego 0f 0.05 in 50 mL DOD-complete, labeled with either 2*Cs-4HB or *Cs-pABA at an
ODsoo of 0.5, and harvested after three hours of labeling. ¥Cs—Qs was detected using precursor-
to-product ion transitions of 597.4/203.0 and 616.4/203.0, and *>C-Qs with transitions of
591.4/197.0 and 610.4/197.0. Lipid measurements were normalized by the wet weight of
extracted cells. Each bar represents the mean of four measurements from two biological samples
with two injections each. Error bars represent standard deviations. Statistical significance was
determined with the two-tailed Student’s t-test and lower case letters above bars are indicative of
statistical significance. In (B) the content of total *Cs-Qg in CNAP3, CNAPG, CNAPY, and
ACOQ8 was compared to wild type with the corresponding 3Ce-labeled precursor (a, p=0.0052;
b, p=0.0018; ND, not detected). In (C) the content of total 2C-Qs in CNAP3, CNAP6, CNAPY,
and ACOQ8 was compared to wild type with the corresponding *Cs-labeled precursor (a,

p=0.0423; b, p=0.0179; c, p=0.0224; ND, not detected).
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Figure 2. CNAP-tagged Coq proteins co-precipitate several other Coq proteins. W303,
CNAP3, CNAPG, and CNAP9 purified mitochondria (15 mg protein) were solubilized with
digitonin and subject to tandem affinity purification with Ni-NTA resin (Qiagen) followed by

anti-PC agarose (Roche). Samples were separated on 12% SDS-PAGE gels followed by transfer
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to PVDF membranes for Western blotting with antisera to the designated yeast polypeptides. 25
Hg mitochondria protein were analyzed for each strain (M) and 2.5% of the first anti-PC elution
(E1) volume was loaded per strain (25 pL). Arrows denote each tagged protein in their
respective blots. The predominant band in the Cog3p blot represents a background protein and

not Coq3p, accounting for its presence in CNAP3 M.
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Figure 3. Tandem affinity-purified Coq complexes co-purify with Qs and late-stage Qs
intermediates. For each strain, aliquots of the anti-PC eluates (29% of E1 and 29% of E2) were
combined and subjected to lipid extraction with methanol and petroleum ether. Lipid extracts
were analyzed by HPLC-MS/MS for Qs (A), DMQs (C), and IDMQs (E). Total Qs (Qs + QsH2)
was detected using precursor-to-product ion transitions of 591.4/197.0 and 610.4/197.0, DMQs
with a transition of 561.6/167.0, and IDMQs with a transition of 560.6/166.0. Measured lipids
were normalized by the extracted eluate volume. Bars represent the mean of two measurements
and error bars represent the standard deviation. Statistical significance was determined with the
two-tailed Student’s t-test and lower case letters above bars are indicative of statistical
significance. In (A) the content of Qs in CNAP3, CNAPG, and CNAP9 was compared to wild
type (a, p=0.0001; b, p=0.0040; c, p=0.0006). In (C) the content of DMQs in CNAP3, CNAPG,
and CNAP9 was compared to wild type (a, p=0.0110; b, p=0.0113; ¢, p=0.0010). In (E) there
was no detectable IDMQs in the wild type (ND, not detected). Representative overlaid traces of
all four strains (W303, purple; CNAP3, green; CNAP6, red; CNAP9, blue) are shown for Qe

(B), DMQs (D), and IDMQs (F).
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Figure 4. SYPRO Ruby staining for total protein reveals unique bands in CNAP tagged
eluates. For each strain designated, aliquots of the anti-PC eluates (20% of E1 and 20% of anti-
PC eluate two (E2)) were combined and dried with a speedvac at 60°C for two h. Samples were
resuspended in 42 uL SDS sample buffer and separated with an 8-16% Criterion SDS-PAGE gel
(Bio-Rad). Following separation proteins were fixed and the gel was stained overnight with a
1:1 mixture of fresh and used SYPRO Ruby (Life Technologies). The gel was subsequently
washed and visualized with an FX Pro Plus Molecular Imager (Bio-Rad) at 532 nm excitation
and emission was measured with a 555 nm long pass filter. The ladder denotes protein masses in

kDa.
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Table 3

Top protein hits from proteomic analysis of tandem affinity purification eluates

W303 CNAP3 CNAP6 CNAP9
Protein  Function Hits Protein Function Hits Protein  Function Hits Protein Function Hits
Rga2p GTPase-activating 14 Coqg3p Q biosynthesis 12 Coqgép Q biosynthesis 5 Coqg6p Q biosynthesis 9
protein
Flo8p  Transcription factor 4 Coqép Q Biosynthesis 10 Coq9p  Q biosynthesis 3 Coq5p Q biosynthesis 8
Actlp  Actin 2 Coq5p Q biosynthesis 8 Hsp60p  Heat shock protein 2 Coq9p Q biosynthesis 7
Pfd4p  Chaperone prefolding 2 Coq9p Q biosynthesis 8 Cog5p  Q biosynthesis 1 llvép Regulatory subunit of 4
complex acetolactate synthase
Sptl6p Associated with 2 YLR290C Unknown 6 Dld3p D-lactate dehydrogenase 1 Cajlp Heat shock protein 3
chromatin
Ilvép  Regulatory subunit of 1 Coqgdp Q biosynthesis 5 His4p Histidine biosynthesis 1 Cogdp Q biosynthesis 3
acetolactae synthase
Coq7p Q biosynthesis 5 1lvép Regulatory subunit of 1 Coq7p Q biosynthesis 3
acetolactate synthase
Htblp Histone B2 5 Mmtlp  Putative metal transporter 1 Mmt2p Putative metal 2
transporter
Actlp Actin 3 Mmt2p  Putative metal transporter 1 Mship DNA binding protein 2
Bmhlp 14-3-3 protein 3 Npldp Regulation of 1 Rga2p GTPase-activating 2
polyubiquitinated proteins protein
Bmh2p 14-3-3 protein 3 Sld3p Initiation of DNA 1 Mmtlp Putative metal 1
replication transporter
Rga2p GTPase-activating protein 3 Ura2p Pyrimidine biosynthesis 1 Mrp21p Mitochondrial 1
ribosome
Hpc2p Nucleosome assembly 2 Yhm2p  Citrate/oxoglutarate carrier 1
complex
Mas2p Mitochondrial processing 2
protease
Peflp Polar bud growth 2
Porlp Porin 2
Sasdp Histone acetylation 2
Ssalp Nuclear transport 2
Ssa2p Nuclear transport 2
Ssa3p Protein unfolding 2
Ssadp Heat shock protein 2
Timllp ATP synthase 2
1lvép Regulatory subunit of 1
acetolactate synthase
Mrp21p Mitochondrial ribosome 1
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ACOQ3

YPD, 2 days YPG, 3 days

Figure 5. Yeast ILV6 and YLR290C null mutants retain the ability to grow on a non-
fermentable carbon source. Designated yeast strains were grown overnight in 5 mL YPD,
diluted to an ODeoo of 0.2 with sterile PBS, and 2 uL of 5-fold serial dilutions were spotted onto
each type of plate media, corresponding to a final ODsgo of 0.2, 0.04, 0.008, 0.0016, and

0.00032. Plates were incubated at 30°C and growth is depicted after two days for YPD and three

days for YPG.
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Figure 6. The yeast AYLR290C mutant, but not the AILV6 mutant, shows impaired de novo
Q biosynthesis. *Cs-HAB (A), ?C-HAB (B), *Cs-HHB (C), ?C-HHB (D), *Cs-DMQs (E),
12C-DMQs (F), total 3C6-Qs (**Ce-Qs + *Cs-QsH2) (G), and total *2C-Qs (**C-Qs + *2C-QsHz)
(H) were measured in the designated yeast strains by HPLC-MS/MS. Yeast strains were grown
overnight in 5 mL SD-complete, diluted to an ODeggo of 0.05 in 50 mL DOD-complete, labeled
with either 1*Ce-4HB or B*Cgs-pABA at an ODgoo 0f 0.5, and harvested after three hours of

labeling. Precursor-to-product ion transitions were detected as follows: *Cs-HAB 552.4/156.0,
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12C-HAB 546.4/150.0, *Cs-HHB 553.4/157.0, *2C-HHB 547.4/151.0, *Cs-DMQs 567.6/173.0,
12C.DMQg 561.6/167.0, 13Ce-Qs 597.4/203.0, 1*Cs-QsH2 616.4/203.0, 2C-Qs 591.4/197.0, and
12C-QeH2 610.4/197.0. Lipid measurements were normalized by the wet weight of extracted
cells. Each bar represents the mean of four measurements from two biological samples with two
injections each. Error bars represent standard deviations. Statistical significance was determined
with the two-tailed Student’s t-test and lower case letters above bars are indicative of statistical
significance. In (A) the relative content of *Cs-HAB in the three null mutants was compared to
wild type with the corresponding Cs-labeled precursor (a, p=0.0017; b, p<0.0001; ¢, p=0.0014).
In (B) the relative content of 12C-HAB in the three null mutants was compared to wild type with
the corresponding *3Ce-labeled precursor (a, p<0.0001; b, p=0.0003; ¢, p=0.0014; d=0.0002). In
(C) the relative content of **Ce-HHB in the three null mutants was compared to wild type with
the corresponding *3Ce-labeled precursor (a, p=0.0001; b, p=0.0003; ¢, p=0.0005). In (D) the
relative content of 2C-HHB in the three null mutants was compared to wild type with the
corresponding *Cs-labeled precursor (a, p=0.0002; b, p=0.0004; ¢, p=0.0047; d, p<0.0001). In
(E) the relative content of 13Cs-DMQg in the three null mutants was compared to wild type with
the corresponding **Ce-labeled precursor (a, p=0.0441; b, p<0.0001; ND, not detected). In (F)
the relative content of 2C-DMQs in the three null mutants was compared to wild type with the
corresponding *Cs-labeled precursor (a, p=0.0453; b, p=0.0002; ¢, p=0.0003; ND, not detected).
In (G) the content of $3Cs-Qs in the three null mutants was compared to wild type with the
corresponding *Cs-labeled precursor (a, p=0.0017; b, p<0.0001; ND, not detected). In (H) the
content of 12C-Qg in the three null mutants was compared to wild type with the corresponding
13Cq-labeled precursor (a, p<0.0001; ND, not detected). (1) Representative overlaid traces for

BY4741 and the YLR290C null mutant labeled with **Cs-4HB are shown for *3Cs-Qe.
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Figure 7. Expression of CNAP-tagged YLR290C preserves de novo Q biosynthesis. Levels
of total 1*Cs-Qs (**Cs-Qs + 13Cs-QsH2) (A) and total 12C-Qg (*2C-Qs + 2C-QsH2) (B) were
measured in the designated yeast strains by HPLC-MS/MS. Yeast strains were grown overnight
in 5 mL SD-complete, diluted to an ODeoo 0f 0.05 in 50 mL DOD-complete, labeled with either
13C4-4HB or BCs-pABA at an ODgoo 0f 0.5, and harvested after three hours of labeling. *Ce—Qs
was detected using precursor-to-product ion transitions of 597.4/203.0 and 616.4/197.0, and **C-
Qs with transitions of 591.4/197.0 and 610.4/197.0. Lipid measurements were normalized by the
wet weight of extracted cells. Each bar represents the mean of four measurements from two
biological samples with two injections each. Error bars represent standard deviations. Statistical
significance was determined with the two-tailed Student’s t-test and lower case letters above bars
are indicative of statistical significance. In (A) the content of 3C¢-Qs in CA-1 and ACOQ8 was
compared to wild type with the corresponding *Cs-labeled precursor (a, p=0.0005; b, p=0.0196;
ND, not detected). In (B) the content of 12C-Qg in CA-1 and ACOQ8 was compared to wild type

with the corresponding **Cs-labeled precursor (a, p=0.0202; b, p=0.0001; ND, not detected).
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Figure 8. Coq4p, Cog5p, and Coq7p co-precipitate with YLR290C-CNAP. Purified
mitochondria from W303 and CA-1 (15 mg protein) were solubilized with digitonin and subject
to tandem affinity purification using Ni-NTA resin (Qiagen) followed by anti-PC agarose
(Roche). Samples were separated on 12% SDS-PAGE gels followed by transfer to PVDF
membranes for Western blotting. Mitochondria (25 pg protein) (M) and 2.5% of the first anti-

PC elution (E1) were analyzed for each of the two strains.

100



pmol Qg/mL

Relative DMG;/mL

Relative IDMG/mL

Qs
104
o a
8+ H,CO. CHs -1
6- HaCO R
0
4-
2-
e L 1
> n
& ¥
DMQ,
3- a
—_—
o)
# CH,
2-
HaCO R
ol
1-
c T T
> A
IDMQ,
1.54
—1
o)
1.04 CH,
HaCO R
NH
0.5
ND
0.0 T T
> N

101

Intensity, cps

Intensity, cps

Intensity, cps

800

700

600

500

400

300

200

« CA-1

‘ 591.4/197.0
|

#/ w303

|
" A, W

450

400

350

300

250

240
220
200
180
160
140
120
100
80
60
40
20

0.60

Time, min

«— CA-1

561.6/167.0

Time, min

+«— CA-1

560.6/166.0

Time, min



Figure 9. Tandem affinity-purified YLR290C-CNAP co-purifies with Q and late-stage Q
intermediates. For each strain, aliquots of the anti-PC eluates (29% of E1 and 29% of E2) were
combined and subjected to lipid extraction with methanol and petroleum ether. Lipid extracts
were analyzed by HPLC-MS/MS for total Qs (Qs + QsH2) (A), DMQs (C), and IDMQs (E). Qs
was detected using a precursor-to-product ion transitions of 591.4/197.0 and 610.4/197.0, DMQs
with a transition of 561.6/167.0, and IDMQs with a transition of 560.6/166.0. Measured lipids
were normalized by the extracted eluate volume. Bars represent the mean of two measurements
and error bars represent the standard deviation. Statistical significance was determined with the
two-tailed Student’s t-test and lower case letters above bars are indicative of statistical
significance. In (A) the content of Qs in CA-1 was compared to wild type (a, p=0.0418). In (C)
the content of DMQs in CA-1 was compared to wild type (a, p=0.0025). In (E) there was no
detectable IDMQs in the wild type (ND, not detected). Representative overlaid traces of both

strains (W303, magenta; CA-1, green) are shown for Qs (B), DMQs (D), and IDMQs (F).
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Figure 10. Model of the Q biosynthetic complex. The organization of the complex is based on
co-precipitation experiments performed in previous work (Hsieh et al., 2007) and this study, as
well as two-dimensional blue native-PAGE analysis (He et al., 2014). Coglp, Cog2p, and
Coq10p have not been shown to associate with the complex. Coql10p binds Q and particular Q
intermediates and is postulated to function as a Q chaperone for efficient respiration and de novo
Q biosynthesis (Allan et al., 2012). Coqg8p is required for the phosphorylation of Cog3p, Coq5p,
and Coq7p (Xie et al., 2011), and co-precipitation of CNAP-tagged Coq6p demonstrates their
physical association. Co-precipitation of tagged YLR290C, here designated Coqllp,
demonstrated its association with Cog4p, Cog5p, and Coq7p. Lipid analysis of co-precipitation
eluates demonstrated the association of Qs and the late-stage intermediates DMQe and IDMQs

with the complex, illustrated as small molecules in association with Cog4p.
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This work describes progress made towards characterizing the function of the coenzyme
Q (Q)-binding protein Coql0p and the multi-subunit Q biosynthetic complex in Saccharomyces
cerevisiae mitochondria. In Chapter 2 the function of Cogq10p in Q biosynthesis and activity was
studied using the prokaryotic homolog CC1736. The tertiary structure of CC1736 was
previously determined by NMR and was shown to be a START domain protein (Shen et al.,
2005), a superfamily known for binding hydrophobic substrates such as phospholipids,
cholesterol, and polyketides via a hydrophobic pocket (Ponting and Aravind, 1999; Miller,
2007). In our work we demonstrated that expression of CC1736 harboring an N-terminal
mitochondrial leader sequence in a yeast coq10 null mutant could restore growth on a non-
fermentable carbon source and NADH-dependent cytochrome c reduction, indicating a
conservation of function. Given this conservation of function, availability of structural
information, and ease of purification with respect to Coql0p, we performed in vitro
characterization of CC1736 as a surrogate for Coq10p to assess its potential function as a lipid-
binding protein. Binding assays were performed with purified recombinant CC1736 and we
showed that the protein is capable of binding isoforms of Q with varying isoprenoid tail lengths
at a 1:1 ligand-protein stoichiometry, including Q2, Qs, and Q1o. In addition binding assays were
also performed with DMQ3, a late-stage Q intermediate, FHB, a farnesylated analog of an early
Q intermediate, and ergosterol, a lipid structurally distinct to Q. CC1736 binds DMQs with a 1:1
ligand-protein stoichiometry, but is unable to bind FHB or ergosterol. These binding studies
showed that CC1736 is a lipid-binding protein with specificity for Q and late-stage Q
intermediates, but does not discriminate between isoprenoid chains of different length (n=2to
10). A recent study demonstrated that supplementation with particular isoforms of Q. where the

double bond in the first isoprenoid unit was shifted or removed failed to restore growth of Q-less
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yeast mutants on a non-fermentable carbon source, but still supported respiration in isolated
mitochondria (James et al., 2010). It will be interesting to determine whether this in vivo
discrimination occurs at the level of binding specificity with CC1736 and by extension Coq10p.
A recent study with Schizosaccharomyces pombe Coqg10, which has been shown to bind Q and is
required for efficient mitochondrial respiration and sulfide metabolism in S. pombe, used an
azido analog of Q to demonstrate that the quinone ring of Q interacts with the N-terminal region
F39-K45 of Coql10, which corresponds to the ligand-binding pocket of several START domain

proteins (Cui and Kawamukai, 2009; Murai et al., 2014).

To further understand the role of Cog10p in Q biosynthesis we measured de novo Q
synthesis using *Ce-labeled precursors in both wild type and coq10 null yeast strains. We
determined that de novo Q biosynthesis decreases as a function of growth phase, with the
greatest level of Q synthesis occurring at early-log phase. Yeast coql0 null mutants synthesize
significantly less de novo Q compared to wild type, most dramatically at early-log phase,
indicating a role for Coq10p in efficient Q biosynthesis. We also measured de novo Q synthesis
in complemented yeast coq10 null mutants and observed that over-expression of COQ10, COQ8,
or CC1736 significantly increased Q synthesis with respect to an empty vector control, however
the rescue was modest and levels of de novo synthesized Q were still significantly lower than the
wild type control, possibly due in part to the tendency of cog10 null mutants to go rho minus

(Barros et al., 2005).

Our data demonstrated that Coq10p is required for efficient de novo biosynthesis of Qg in
yeast and that Coql10p is likely a Q- and Q intermediate-binding protein through characterization

of its functional homolog CC1736. Previous studies have suggested a function for Cogql0p in
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efficient electron transport, potentially as a chaperone to the N-site of the complex 111 (Busso et
al., 2010), while other studies have suggested a role in the stability of the Q biosynthetic
complex due to the observation that certain Coq polypeptides are destabilized in the coq10 null
mutant (Hsieh et al., 2007; He et al., 2014). We propose that the Q-binding function of Coq10p
allows it to play a role both in Q biosynthesis and the electron transport chain. Previous work
has shown the association of bound DMQs with the Q biosynthetic complex and supplementation
of various coq null mutants with exogenous Qs stabilizes particular Coq polypeptides, suggesting
a structural function for Q or a Q intermediate in the complex (Marbois et al., 2005; Tran et al.,
2006; He et al., 2014). Coql0p may serve as a chaperone for Q in which it delivers Q to the
biosynthetic complex to maintain efficient de novo Q synthesis, as well as a chaperone for Q to
the electron transport chain, potentially to one of the two Q-binding sites required for the Q cycle

in complex I11.

To better characterize the putative chaperone function of Coq10p it is necessary to
characterize its potential protein-binding partners. Previous studies have suggested that Coql0p
may exist in high molecular mass complex by sucrose gradient sedimentation and 2D blue
native-PAGE (Barros et al., 2005; Tauche et al., 2008), however these experiments did not
address whether Coq10p was associated with other proteins or with itself in an oligomeric
complex. Initial attempts to generate a C-terminal tandem affinity tag on Coql10p for co-
purification studies have proved unsuccessful, as the tag appeared to destabilize Cogql10p
(unpublished observations). However more recent work in which Coq10p has been tagged at its
C-terminus with the cMyc epitope appears more promising. This tag does not disrupt steady-
state levels of Coq10p and allows for co-immunoprecipitation of the tagged protein (Hui Tsui,

unpublished observations). It will be informative to scale-up purification of Cogq10p and subject
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the eluates to Western blotting and proteomic analysis to determine what other proteins may be
associated. It is anticipated that Coql0p may interact transiently with the Q biosynthetic
complex and one or more components of the electron transport chain due to its hypothesized
chaperone function, however it may also interact with a previously unanticipated protein,

potentially giving insight to the regulation of Q biosynthesis.

In yeast several of the proteins required for Q biosynthesis are associated in a
macromolecular complex on the matrix-face of the inner mitochondrial membrane (He et al.,
2014). The existence of this complex is postulated to be important for improved catalytic
efficiency via substrate channeling as well as to sequester potentially reactive intermediates. In
Chapter 3 work to characterize the Q biosynthetic complex through the use of tandem affinity
purification tags was described. We took advantage of the CNAP (consecutive non-denaturing
affinity purification) tag to purify the complex under gentle conditions and characterize the
protein composition both by Western blotting and proteomic analysis. We generated yeast
strains expressing C-terminal CNAP-tagged Coq3p, Coq6p, or Coq9p and demonstrated that the
presence of this tag does not interfere with de novo Q biosynthesis or growth on a non-
fermentable carbon source, making them suitable systems for characterizing the native Q
biosynthetic complex. Eluates from tandem affinity purification of the tagged Coq proteins as
well as a wild-type control from detergent-solubilized mitochondria were analyzed by Western
blotting and it was shown that Cog3p, Cog4p, Cog5p, Cog6p, Coq7p, and Coq9 are all
associated in one or more Q biosynthetic complexes. The eluates were also analyzed for the
presence of Qs and Qs intermediates and we found that the Coq complex also co-purified with Qs

and the two late-stage intermediates DMQe and IDMQs, but not the early intermediates HHB or
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HAB, consistent with previous reports that Q or a Q intermediate is important for stability of the

Coq polypeptide complex.

In addition Western blotting demonstrated that tagged Coq6p co-purified Cog8p, giving
the first direct evidence of Coq8p association with the biosynthetic complex. Coq8p is a putative
atypical protein kinase and previous work has shown that Coq3p, Cog5p, and Coq7p are
phosphorylated in a Coq8p-dependent manner, although direct kinase activity for Cog8p has not
yet been demonstrated (Tauche et al., 2008; Xie et al., 2011). Furthermore it has been shown
that overexpression of COQ8 in certain coq null mutants stabilizes steady-state levels of
sensitive Coq polypeptides and leads to accumulation of later-stage Q biosynthetic intermediates,
suggesting a role for phosphorylation in regulation and stability of the complex (Padilla et al.,
2009; Xie et al., 2012; He et al., 2014). Interestingly this observation is in contrast to another
study which showed that dephosphorylation of Coq7p by the phosphatase Ptc7p was required for
upregulation of Q biosynthesis (Martin-Montalvo et al., 2011; Martin-Montalvo et al., 2013),
however it is not clear whether the putative sites of dephosphorylation in that study were Coq8p-
dependent or had a role in mitochondrial import given their proximity to the Coq7p N-terminus.
Our work is the first to shown a direct interaction of Cog8p with the Coq polypeptide complex
and may suggest that it is either directly responsible for phosphorylation of the particular Coq
proteins or that it potentially plays a structural role in the complex. The observation that it only
co-purified with tagged Coq6p and not tagged Cog3p or Coq9p is suggestive that this interaction

is transient and that it may be more closely associated with Coq6p.

The association of potentially novel binding partners with the Q biosynthetic complex

was explored through proteomic analysis using mass spectrometry. This approach identified
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several potential proteins interacting with the Coq polypeptide complex, most notably YLR290C
and llvép. The potential role of these two proteins in Q biosynthesis was investigated by
measuring de novo Q synthesis in the corresponding null mutants and while the ilvé null did not
appear to have an effect on Q synthesis the ylr290c null had significantly decreased levels of de
novo synthesized Q, suggesting a function for YLR290C in Q biosynthesis. To further assess
this, YLR290C was also tagged at its C-terminus with the CNAP tag and subjected to tandem
affinity purification. Western blotting showed that tagged YLR290C co-purified with Cog4p,
Cog5p, and Coq7p, however detection of these proteins was much lower than the levels detected
with co-purification of the tagged Coq proteins. Associated lipids were also measured in the
tagged YLR290C eluate and we found that Qs, DMQs, and IDMQse co-purified with the

Y LR290C-containing complex, albeit in much lower levels compared to the complexes purified
from the tagged Coq proteins. These results demonstrate that YLR290C is a novel interacting
protein with the Q biosynthetic complex, however its association may be transient or more easily

disrupted.

While the function of YLR290C is unknown sequence analysis indicates that it is part of
the short-chain dehydrogenase/reductase (SDR) superfamily and contains a conserved Rossmann
fold, a motif typically associated with binding nucleotide-containing cofactors such as NAD(P),
FAD, and FMN (Rossmann et al., 1974). Members of the SDR superfamily include a diverse
family of oxidoreductases and catalyze reactions such as isomerization, decarboxylation,
epimerization, imine reduction, and carbonyl-alcohol oxidoreduction (Marchler-Bauer et al.,
2013). The crystal structures of UbiX, a prokaryotic decarboxylase involved in Q biosynthesis,
and a homolog to another decarboxylase involved in Q biosynthesis, Padl, were solved and

shown to contain a typical Rossmann fold with a bound FMN (Rangarajan et al., 2004; Kopec et
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al., 2011). While the structure of YLR290C is not known its identification as a member of the
SDR superfamily with a conserved Rossmann fold, as well as the effects of its corresponding
null mutant on Q biosynthesis make it tempting to speculate that YLR290C may function as the
previously unknown decarboxylase in the yeast Q biosynthetic pathway. A confounding
observation to this hypothesis is that the ylr290c null still synthesizes small levels of Qs and
retains the ability to grow on a non-fermentable carbon source. One explanation is that
YLR290C does function as the sole decarboxylase in Q biosynthesis due to the potential
existence of redundant decarboxylases. Escherichia coli contains two decarboxylases that
function in Q biosynthesis, UbiD and UbiX, and expression of yeast PAD1 in an E. coli ubiX
mutant restores Qg synthesis, while the yeast protein YDR539W, now designated Fdclp, is a
homolog to E. coli UbiD (Gulmezian et al., 2007). In spite of this yeast mutants lacking either
Padlp or Fdclp, or both Pad1lp and Fdclp, synthesize normal levels of Qs (Gulmezian, 2006),
and it was later shown that these two proteins are required for decarboxylation of phenylacrylic
acids (Mukai et al., 2010). These observations are consistent with the hypothesis that Pad1p and
Fdclp may act as redundant decarboxylases with YLR290C, accounting for the small levels of
synthesized Qs in the ylr290c null and the apparently normal levels of Qs in the padl and fdcl
null mutants. To assess this possibility a padl fdc1 ylr290c triple mutant should be constructed
and its ability to synthesize Qe should be measured, in addition to any accumulated Q
biosynthetic intermediates. This triple mutant and the ylr290c null single mutant should also be
analyzed for their effects on the steady-state levels of the Coq polypeptides as well as the
stability of the high molecular mass Coq polypeptide complex. Interestingly, the decreased de
novo Q synthesis measured in the ylr290c null mutant was only observed in minimal media but

not rich media (unpublished observations), suggesting an alternative ring precursor may be
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present in rich media compared to minimal media, bypassing the requirement for YLR290C in Q
biosynthesis. An experiment testing this hypothesis would be to determine de novo Q synthesis
in the ylr290c null mutant grown in minimal media supplemented with either yeast extract or
peptone, the two distinct components of rich media, to assess whether either component can

restore de novo Q synthesis to wild-type levels.

Given the identification of YLR290C as a member of the SDR superfamily with a
conserved Rossmann fold, it might act as an oxidoreductase to maintain the redox poise of
particular Q biosynthetic intermediates to increase the efficiency of particular steps in the
pathway. Generating and purifying recombinant YLR290C and performing the appropriate in
vitro enzymes assays with synthetic farnesylated analogs of substrates should assess the potential
function of YLR290C as either a decarboxylase or an oxidoreductase. The reactants and
products of these reactions can be easily measured by LC-MS/MS. Purification of YLR290C
will also serve to allow identification of potentially bound cofactors such as FMN, yielding
further insight as to its possible function. Antibodies should also be generated against the
YLR290C protein to allow elucidation of sub-mitochondrial localization, determine the effects of
various coq null mutants on steady-state levels of YLR290C, assess its oligomeric state by 2D

blue native-PAGE, and verify its presence in the eluates of the CNAP-tagged Coq proteins.

The CNAP-tagged Coq proteins generated for this study can also serve as a powerful tool
to characterize phosphorylation of the Coq proteins. While it was shown that Cog3p, Coq5p, and
Coq7p are phosphorylated by 2D-I1EF the location of phosphorylation was not determined and
the potential phosphorylation of other Coq proteins was not determined due to the limitations of

both IEF and Western blotting (Xie et al., 2011). Preliminary results from the proteomic
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analyses in this study suggested phosphorylation on additional Coq proteins such as Cog6p and
also narrowed down the likely sites of this modification to particular tryptic peptides
(unpublished observations). Tryptic peptides from the tandem affinity purification eluates of the
CNAP-tagged Coq proteins can be subjected to phospho-enrichment using a resin such as
titanium dioxide to concentrate the phosphorylated peptides in order to improve detection by
mass spectrometry as protein phosphorylation is often sub-stoichiometric, confounding detection
of phosphorylated peptides in non-enriched samples. This analysis will show not only which
proteins associated with the Coq polypeptide complex are phosphorylated but also approximately
where they are phosphorylated. These putative sites can then be subjected to mutagenesis to
determine the possible role of phosphorylation in both Q biosynthesis and assembly of the

complex.

As the protein and lipid composition of the Q biosynthetic complex becomes clearer
structural analysis should provide a more detailed schematic of the complex and its organization.
Recently the crystal structure of yeast Cog5p was solved and shown to be a dimer (Dai et al.,
2014). The crystal structure of a prokaryotic homolog of Cog4p was also shown to exist as a
dimer with a bound geranylgeranyl monophosphate, suggesting a role for polyisoprenoid binding
for Cog4p (Rea et al., 2010). The crystal structure of human COQ9 was recently solved and
show to be a dimer, and in vitro analysis also demonstrated that it associated with COQ7
(Lohman et al., 2014). The existence of these proteins as dimers is not surprising as blue native-
PAGE results suggest that several copies of the Coq proteins may be present in the Q
biosynthetic complex as its molecular mass exceed 669kDa, which is much greater than the
additive mass of the individual Coq polypeptides known to be associated in the complex (He et

al., 2014). Taking into account the association of Cog8p and YLR290C with the complex, as
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well as the known or putative dimeric state of particular Coq proteins, the expected mass of the
Q biosynthetic complex is approximately 350kDa, suggesting that additional Coq proteins are in
oligomeric states or that the core complex is in a higher-order multimeric state, similar to the
respiratory supercomplexes. Purification and crystallization of the intact Q biosynthetic complex
is technically challenging, so a more feasible approach to determine the structure of the holo-
complex may be cryo-electron microscopy. Complexes purified with the CNAP tag may be
subjected to negative staining and visualized by cryo-electron microscopy to yield an
approximate three dimensional structure of the entire complex. Available structural information
for the individual Coq proteins may then be used to model the individual proteins into the
complex structure. A more accurate and thorough understanding of the organization and
composition of the Q biosynthetic complex will give insight to both the synthesis of Q as well as

its potential modes of regulation.
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Coenzyme Q (ubiquinone or Q) is a lipid electron and proton carrier in the electron transport chain. In yeast
Saccharomyces cerevisiae eleven genes, designated COQ1 through COQ9, YAH1 and ARH1, have been identified
as being required for Q biosynthesis. One of these genes, COQ8 (ABC1), encodes an atypical protein kinase,
containing six (I, 11, III, VIB, VII, and VIII) of the twelve motifs characteristically present in canonical protein
kinases. Here we characterize seven distinct Q-less cog8 yeast mutants and show that unlike the cog8 null
mutant, each maintained normal steady-state levels of the Coq8 polypeptide. The phosphorylation states of

'C(z:,;::eQ Coq polypeptides were determined with two-dimensional gel analyses. Coq3p, Coq5p, and Coq7p were

Ubiquinone phosphorylated in a Coq8p-dependent manner. Expression of a human homolog of Coq8p, ADCK3(CABC1)

Saccharomyces cerevisiae bearing an amino-terminal yeast mitochondrial leader sequence, rescued growth of yeast cog8 mutants on

Mitochondria medium containing a nonfermentable carbon source and partially restored biosynthesis of Qg The

I;:;id_mi(_abolism phosphorylation state of several of the yeast Coq polypeptides was also rescued, indicating a profound
tein kinase

conservation of yeast Coq8p and human ADCK3 protein kinase function in Q biosynthesis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Coenzyme Q (ubiquinone or Q) is an essential lipid component and
plays a well-known role in respiratory electron and proton transport
in energy metabolism. Q, the oxidized quinone, accepts electrons from
NADH via complex | or succinate via complex II, and the reduced
hydroquinone (QH,) is oxidized by complex IIl where the electrons
are transferred to cytochrome c. Q also functions as the electron
acceptor in a number of metabolic oxidation reactions including
amino acid catabolism and fatty acid beta oxidation via acyl-CoA
dehydrogenases [1], glycerol-3-phosphate, dihydroorotate [2], and
the oxidation of sulfide [3]. QHx is an important lipid-soluble chain-
terminating antioxidant [4] and may also function as a co-antioxidant
to maintain levels of vitamin E in membranes of cells and lipoproteins
[5]. Q and Q analogs have been shown to be capable of inhibiting,
activating, or occupying sites of the mitochondrial permeability
transition pore [6-8]. The mitochondrial permeability transition

Abbreviations: 2D-1EF/SDS-PAGE, two-dimensional isoelectric focusing/sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; Q, coenzyme Q; ORF, open reading
frame
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pore is involved in apoptosis through the opening of a non-selective
channel that disrupts membrane potential and causes hypotonic
swelling of the inner membrane, a process that appears to be
conserved from yeast to plants and animals [9,10].

Cells utilize isoprenoid biosynthetic pathways (mevalonate or
methylerythritol) to produce the polyisoprenyl tail of Q, where n
designates the number of isoprene units; Q;o, Qq, Qg and Qg in human,
Caenorhabditis elegans, Escherichia coli, and Saccharomyces cerevisiae,
respectively [11]. Coqlp in S. cerevisiae, IspB in E. coli, or a complex of
PDSS1 and PDSS2 in human cells synthesize the polyisoprene diphosphate
tail precursor of Q. The aromatic ring precursors supplying the quinone
ring of Q include 4-hydroxybenzoic acid (4-HB) derived from either
chorismic acid or tyrosine [ 12]. Recently, para-aminobenzoic acid (pABA)
was discovered to function as a ring precursor of Q in S. cerevisiae [ 13,14].
Coq2p is required for the prenylation of either 4-HB or pABA to form 3-
hexaprenyl-4-hydroxy benzoic acid or 3-hexaprenyl-4-amino-benzoic
acid [13].S. cerevisiae requires at least nine additional polypeptides (Coq3-
Coq9, Yah1, and Arh1) for biosynthesis of Qg [11,14,15].

Although much progress has been made in determining the
enzymatic functions of the Coq proteins, the functions of Coq4p and
Coq9p in Q biosynthesis are not known, and new information on the
putative kinase function of Coq8p is described in this work. In
S. cerevisiae, Coq4p and Coq9p are members of a high molecular mass
multi-subunit mitochondrial complex together with the O-methyltrans-
ferase Coq3p, the C-methyltransferase Coq5p, and the hydroxylases
Coq6p and Coq7p, required for ring modifications forming Q [16-18]. A
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zinc-binding motif identified in Coq4p was postulated to be important
for Cog4p function as a scaffolding protein [17]. Recently, Rea et al. [19]
derived a model of yeast Coq4p by taking advantage of the structure
determined by the Northeast Structural Genomics consortium of a
Coq4p homolog from Nostoc sp. PCC7120 (Alr8543) that crystallized
with a bound geranylgeranyl monophosphate and a magnesium ion. The
predicted Coq4p structure is consistent with the idea that Coq4p may
bind the polyisoprene tail of a Q-intermediate, possibly serving as an
important anchor for the Q-multisubunit biosynthetic complex.

The yeast COQ8 gene was originally identified as ABCI (activator of
the bc, complex) in a multicopy suppression screen of a specific cbs2
mutant allele (cbs2-223) and proposed to function as a cytochrome b
chaperone [20], necessary for bc; complex function [21]. However, the
decrease in bc; complex in cog8 mutants can be explained fully by the
requirement of COQ8 for Q biosynthesis [ 22]. Yeast cog8 mutants lack Qg
and the growth defect in media containing a nonfermentable carbon
source can be rescued by the addition of exogenous Qs to the growth
medium. The suppression of the chs2 mutation was shown to be due toa
neighboring tRNA and not to COQ8 [23]. E. coli UbiB and Providencia
stuartii AarF are prokaryotic Coqg8 homologs required for Q biosynthesis;
mutants accumulate octaprenyl-phenol, the Q-intermediate expected
from a block at the first hydroxylase step [24,25]. Patients with
mutations in ADCK3/CABC1 (a homolog of yeast COQ8) exhibit
progressive neurological disorders with childhood onset cerebellar
ataxia and atrophy and have decreased Qo content in muscle, fibroblast,
and lymphoblast cells [26] [27]. Thus, in prokaryotes, yeast, and human
cells, the principal and conserved function of the Coq8 polypeptide is its
requirement for Q biosynthesis.

Yeast Coq8p, E. coli UbiB, and human ADCK3 are members of an
atypical kinase family, first identified by Leonard et al. 28], as potential
protein kinases harboring motifs I, II, VIB and VII. Subsequent analyses
identified ADCK1-5 as novel human kinases [29], containing six (1, II, III,
VIB, VII, and VIII) of the twelve motifs characteristically present in
canonical protein kinases [27]. Patients with Qo deficiencies harboring
mutations in ADCK3 indicated it is required for Qo biosynthesis in
humans. In these studies, expression of human ADCK3 did not rescue
yeastcoqg8 mutants. However, introd uction of the human mutations into
the corresponding yeast COQ8 gene impaired growth of yeast on
nonfermentable carbon sources and resulted in decreased Qg content
[26,27]. These findings suggested that yeast Coq8p and human ADCK3
may function as kinase required for Q biosynthesis. There is also
evidence that Coq8p may function to regulate Q biosynthesis, as
overexpression of yeast Coq8p has been shown to rescue a yeast cog9
nonsense mutant [18,30], a yeast cog10 null mutant [31,32], and to
restore synthesis of DMQg in a cog7 null mutant [33]. Tauche et al. [34]
utilized two-dimensional IEF-SDS PAGE and tagged forms of yeast Coq
polypeptides and determined that phosphorylation of yeast Coq3p is
dependent on Coq8. They also demonstrated that the phosphorylation
state of Coq3 affects its association with the Coq high molecular mass
polypeptide complex. Thus, Coq8p appears to be essential for the
formation of a multi-subunit Q-biosynthetic complex. It is intriguing
that the first O-methylation step catalyzed by yeast Coq3 was identified
as a potential regulated site of Q biosynthesis in response to high
glucose, and it was speculated that a cAMP-dependent protein kinase
might be involved in mediating this regulation [ 35].

In this study we have analyzed mutations in Coq8 that result in
Q-biosynthetic defects. Initially, we employed site-directed mutagenesis
to target the catalytic lysine in kinase motif Il of Cog8p. Although yeast
coq8 null mutants expressing the Coq8-K216A polypeptide lacked Qg, the
Coq8-K216A polypeptide was not stable, and the phenotype of this strain
mirrored the cog8 null mutant. Several Coq polypeptides are unstable in
the cog8 null mutant (including Cog4p, Coq6p, Coq7p and Coq9p) [18]. To
assess the role of Coq8p as a potential kinase, our goal was to analyze cog8
mutants that retained normal steady-state levels of Coq8p. Therefore, we
examined the collection of yeast cog8 mutants in order to identify those
that retained normal steady-state levels of Coq8p. Seven distinct yeast
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cog8 amino acid substitution mutants have been characterized and a
subset of these mutants used to investigate the phosphorylation state of
Coq3 and other Coq polypeptides. We show that expression of human
ADCK3 bearing an amino-terminal mitochondrial leader sequence in
yeast cog8 mutants rescues both synthesis of Qg and the phosphorylation
state of several of the yeast Coq polypeptides, indicating a profound
conservation of protein kinase function in Q biosynthesis.

2. Materials and methods
2.1. Strains and growth media

The yeast strains used in this study are listed in Table 1. Growth
media were prepared as described [36]. Media included YPD (1% yeast
extract, 2% peptone, 2% dextrose), YPG (1% yeast extract, 2% peptone,
3% glycerol) and YPGal + 0.1% Dextrose (1% yeast extract, 2% peptone,
2% galactose, 0.1% dextrose ). SDC consisted of 0.18% yeast nitrogen base
without amino acids, 2% dextrose, 0.14% NaH,PO,4 0.5% (NH,4),SO4 and
amino acids were added at final concentrations as described in Ref. [37].
SD-ade, SD-his, SD-leu, SD-met, SD-trp and SD-ura consisted of SDC
media minus adenine, histidine, leucine, methionine, tryptophan and
uracil respectively. Solid media contained 2% agar. All materials were
obtained from Difco, Fisher or Sigma.

2.2. Sporulation and tetrad analysis

Diploid cells were grown to a cell concentration of ODggp = 2.5 in
YPD. Yeast cells from 1 ml of culture were pelleted by centrifugation
12,000 % g, 30 seconds. The cell pellet was washed with sterile water
and pelleted by centrifugation again. Cells were then resuspended in
1 ml sporulation medium (1% potassium acetate, 0.1% yeast extract,
0.05% dextrose) and incubated at 30 °C for 2 to 3 days. Cells were
pelleted by centrifugation, and then resuspended in zymolyase buffer

Table 1
Genotypes and sources of S. cerevisiae strains.
Strain Genotype Source
W303-1A MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 R. Rothstein®
W303AABC1 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 [22]
ura3-1 coq8::HIS3
FY251 MAT a ura3-52 his3A200 leu2A1 trp1463 F. Winston”
FYAABC1 MAT a ura3-52 his3A200 leu2A1 trp1A63 [22]
c0q8::TRP1
CH130-A1 MAT a his3-1,15 leu2-3,112 trp1-1 ura3-1 cog8-1 [22]
CF130-2B MAT « his3A200 ura3-52 trp1A63 coq8-1 C130°xFY251
c177 MAT « met6 cog8-2 A. Tzagoloff ©

W177-3B MAT a his3-1,15 leu2-3,112 met6 ura3-1 cog8-2  C177 x W303-1A
C183 MAT « met6 cog8-3 A. Tzagoloff
W183-2A MAT a his3-1,15 trp1-1 ura3-1 cog8-3 C183 x W303-1A
C194 MAT « met6 cog8-4 A. Tzagoloff ©
W194-3A MAT « ade2-1 his3-1,15 met6 ura3-1 cog8-4 C194 x W303-1A
Q22 MAT « met6 cog8-5 A. Tzagoloff
W222-7D MAT a ade2-1 his3-1,15 leu2-3,112 ura3-1 cog8-5 (222 x W303-1A
40 MAT « met6 cog8-6 A. Tzagoloff ©
W240-1A MAT a leu2-3,112 ura3-1 cog8-6 €240 xW303-1A
Q75 MAT « met6 cog8-9 A. Tzagoloff ©
308 MAT « met6 cog8-7 A. Tzagoloff ©
W308-4C MAT « ade2-1 his3-1,15 met6 trpl-1 (€308 x W303-1A
ura3-1 coq8-7

a315 MAT « met6 cog8-8 A. Tzagoloff ©
W315-4A MAT « trpi-1 ura3-1 cog8-8 C315xW303-1A
M6 MAT a, his4 p° (78]

M8 MAT « adel p” (78]

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

b Dr. Fred Winston, C. Dollard, and S. Ricapero-Hovasse, Department of Genetics,
Harvard University.
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(1 M sorbitol, 50 mM Tris-Cl pH 7.5, 6 mg/ml zymolyase-20T (MP
Biomedicals)). Cells were incubated for 15 or 30 min at 30 °C. The
zymolyase digestion was stopped by diluting the sample with four
volumes of water and placing it on ice. The procedure for analysis and
dissection of haploid spores was as described [36]. Yeast cells were
transformed with plasmid DNA as described [38].

2.3. Subcloning of COQ8 and ADCK3

The plasmids used in this study are listed in Table 2. To construct COQ8
with a biotin accepting sequence at its C-terminus, a DNA segment was
amplified with the primers pBC8-1 (5’ CGCGGAATTCACCAGCATTTTGGA-
TAATTC 3’ —600 to —589 of COQ8) and pBC8-2 (5’ CGCGGAATTCAACTT-
TATAGGCAAAAATCT 3’ + 1503 to + 1484 of COQ8). The DNA fragment
was digested with EcoRI (sites underlined) and then ligated into the EcoRI
site of the yeast/E. coli shuttle vector containing the biotinylated
Propionibacterium shermanii transcarboxylase sequence, Yep352-Bio6
[39] [37] [40]. The resulting plasmid, pBT8-1, contains COQ8 in frame
with a carboxyl-terminal biotinylation site.

The plasmid MHS1011 containing human ADCK3 ¢DNA was
obtained from Open Biosystems. To generate a low-copy plasmid
containing the open reading frame of ADCK3 subcloned behind the
S. cerevisiae CYC1 promoter, MHS1011 was digested with Xhol and
EcoRl. The DNA fragment containing ADCK3 was purified with a
Qiaquick Gel Extraction Kit (Qiagen) and the purified DNA treated
with Klenow. A low-copy plasmid containing the CYCI promoter,
pAHO1 [41], was digested with Hindlll, treated with Klenow and then
treated with bacterial alkaline phosphatase. The purified DNA
fragment containing ADCK3 was then ligated into the treated pAHO1
plasmid. The plasmid with ADCK3 in the correct orientation was
designated psCABC1. To generate a high-copy plasmid containing
ADCK3 subcloned behind the CYCI promoter, psCABC1 was digested
with Kpnl and Spel to excise a DNA fragment containing the CYCI

Table 2
Plasmid constructs used in this study.
Plasmid Genes Copy Source
number
PRS316 Yeast shuttle vector only Low copy  Sikorski and Hieter [79]
PRS426 Yeast shuttle vector only Multicopy  Christianson et al. [80]
PAHO1 Yeast vector with Low copy Hsuetal. [81]
CYC1 promoter
pCH1 Yeast vector with Multicopy ~ Hsu et al. [81]
CYC1 promoter
pQM PAHO1 with COQ3 mito Low copy  Hsuetal. [41]
leader
pRCM pCH1 with COQ3 mito leader Multicopy  Saiki and Morvaridi
p3HN4 Yeast ABC1/COQ8 Low copy  Doetal. [82]
pK216A Yeast abc1/cog8-K216A Low copy  This work
p4HN4 Yeast ABC1/COQ8 Multicopy ~ Hsieh et al. [23]
p4K216A  Yeast abcl/cog8-K216A Multicopy ~ This work
pBT8-1 Yeast ABC1/COQ8-biotin Multicopy  This work
PBT8KA Yeast abcl/coq8-K216A- Multicopy ~ This work
biotin
psCABC1 PAHO1/Human CABC1/ADCK3 Low copy  This work
with CYC1 promoter
pmCABC1  pCH1/Human CABCI/ADCK3 ~ Multicopy  This work
with CYC1 promoter
plcADCK3  pQM/Human CABC1/ADCK3  Low copy  This work
with CYCT promoter and
C0Q3 mito leader
pmcADCK3 pRCM/Human CABC1/ADCK3 Multicopy  This work

with CYCI promoter and
C0Q3 mito leader

promoter and ADCK3. This DNA fragment was then ligated into the
high-copy plasmid pCH1 [41], also digested with Kpnl and Spel. This
plasmid was designated pmCABC1.

Two other yeast expression plasmids were constructed so that the ORF
of human ADCK3 would contain an amino-terminal mitochondrial-
targeting leader sequence (from yeast COQ3), and expressed from the
yeast CYCI promoter (see Table 2). A forward primer, ADCK3For (5'-
clamp-Cla1l-(+1 to +31)-3’ of ADCK3) and a reverse complement
primer, ADCK3Rev (5’-clamp-Kpn1-(+ 1944 to +1927)-3’ of ADCK3)
were used with MHS1011 as template DNA to generate a PCR-amplifed
segment of DNA containing the ORF of ADCK3. The resulting DNA was
digested with Clal and Kpnl and inserted into the corresponding
restriction sites of pQM [41] or pRCM (Table 2), to generate plcADCK3
(low copy) and pmcADCK3 (multicopy), respectively.

24. Site-directed mutagenesis

Primer mediated site-directed mutagenesis was performed as
described [42]. Primer pairs used to generate coq8-K216A were
KAbc1AF4 (5’ TCTTAAGAACTATACAGAACGGGAGAATTTC 3’ + 55 to
+89 bp) with KAbc1AR3 (5’ CAGGATATTGAATTGCGACAACCACTCTTT
3’ +661 to + 632 bp) and KAbc1AF3 (5’ AAAGAGTGGTTGTCGCAATT-
CAATATCCTG 3’ +632 to 661 bp) with KAbc1AR4 (5’ CATTTCG-
TACGCCCCTTTCCTATCTCTCAATGTGG 3’ +1194 to 1160 bp).
Nucleotides that are underlined are the mutated nucleotides. The
PCR fragments were digested with Aflll and BsiWI. The plasmids
p3HN4 [22], p4HN4 [23] and pBT8-1 were treated with Aflll and BsiWI
to remove a fragment of COQ8. The Aflll/BsiWI digested PCR fragment
containing the K216A mutation was then ligated into the digested
plasmids to generate pK216A, p4K216A and pBT8KA, respectively.
pK216A and p4K216A are single copy and multicopy plasmids that
contain the cog8 gene with the K216A mutation. The pBT8KA plasmid
contains the K216A mutation of cog8 and a carboxyl-terminal
biotinylation site.

2.5. Genomic DNA purification and sequencing

Yeast strains were grown overnight in 5ml YPD at 30 °C. Yeast
cells from 05 ml of culture were pelleted by centrifugation at
12,000 x g for 1 min. Genomic DNA was purified using the Wizard
Genomic DNA Kit (Promega). For sequencing, the COQ8 locus was
amplified in two overlapping segments. The first segment was amplified
with the primers Abc1Seq-F (5" ACTCGAGAAAAGCAATCTGGTAGATT-
TATGGG 3’ -300 to -276 (underlined) relative to the COQ8 ATG) and
Abc1Seq-R (5’ CCTCGAGTTAAACTTTATAGGCAAAAATCICIT 3’ + 1506
to + 1481 (underlined) relative to the COQ8 ATG). The second segment
was amplified with the primers KAbc1A-F1 (5’ CGTCTCTTAAGAACTA-
TACAGAACG 3’ + 55 to + 74 relative to the COQ8 ATG) and Abc1Seq-R2
(5" TCTGTTTTATCTTTTTTTTTTGTTCTTCGAGATT 3’ + 1640 to + 1607
from the COQ8 ATG). The UCLA Sequencing and Genotyping Core
determined the nucleotide sequence of each of the PCR products.

2.6. Purification of mitochondria

Yeast cells were grown in 11 of YPGal+0.1% Dextrose and
harvested at an ODggo of approximately 1. Crude mitochondria were
isolated and purified on a Histodenz (Sigma) gradient as described in
Ref. [43]. Protein concentration was measured by bicinchoninic acid
protein assay (Pierce).

2.7. Submitochondrial localization

Mitochondria were hypotonically shocked for 20 min on ice, with
5 volumes of 20 mM HEPES-KOH pH 7.4, to generate mitoplasts.
Mitoplasts were pelleted by centrifugation (14,000 xg, 10 min) and the
supernatant saved as the intermembrane space fraction (IMS). Mitoplasts
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were sonicated and the matrix (supernatant) and membrane (pellet)
components separated by centrifugation (100,000 x g, 30 min). Mitoplasts
were also alkaline extracted with 0.1 M NaCO3 pH 11.5 for 20 min at4 °C,
and subjected to centrifugation to separate matrix (supernatant),
peripheral membrane (supernatant) and integral membrane (pellet)
proteins. Proteinase K protection assays were as described [44]. Mitoplasts
were pelleted and resuspended in isotonic buffer (0.6 M sorbitol, 20 mM
HEPES-KOH pH 7.4) with or without the addition of 100 pug/ml proteinase
K (Fisher Scientific) and 1% Triton X-100, for 1 h at 4 °C. Proteins were
precipitated with 10% trichloroacetic acid and resuspended in SDS-PAGE
sample buffer.

SDS-polyacrylamide denaturing gels were prepared containing
10% acrylamide as described [45].

2.8. 2D-Isoelectric focusing (IEF)/SDS-PAGE

IEF-PAGE was performed as described [34]. Approximately 200 pg of
purified mitochondria from each strain were sedimented by centrifu-
gation (14000xg, 10 min) at 4°C, and resuspended in standard
Rehydration Solution (7 M urea, 2M thiourea, 4 % CHAPS, 0.5%
Ampbholytes 3-10, 0.0002% bromophenol blue) to a final concentration
of 1.0 pg/pl. The sample was sedimented again (14000 x g, 10 min) and
de-streak reagent (GE Healthcare; final concentration of 1.25%) was
added to the sample as a reducing agent. For in-gel hydration, 200 pl of
diluted samples were applied to Immobiline DryStrips (GE Healthcare,
13 cm, pH 3-11 NL) and incubated overnight at room temperature. IEF
was performed in the Bio-Rad Protean Isoelectric Focusing Cell (Bio-
Rad) with four steps of voltage, (4 hat 100V, 2 h at 250V, 5 h gradient
up to 4000 V, and a further 80,000 Volt-h at constant 4000 V) at 20 °C
with a maximum current of 50 pA. The strips were equilibrated first for
20 min in Equilibration Buffer (75 mM Tris-HCl, pH 8.8, 6 M urea, 29.3%
glycerol, 2% SDS, 0.002% bromophenol blue, 20 mg/ml dithiothreiotol),
and then another 20 min in Equilibration Buffer with 25 mg/ml
iodoacetamide. For the second dimension, the strips were applied to
Criterion 8-16% PAGE gels in a Bio-Rad Criterion Dodeca Electrop horesis
Cell. For phosphatase treatment, isolated mitochondria (200 pg protein)
were resuspended in 19 pl N-phosphatase buffer (New England Bio
Labs; 50 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM dithiothreitol, 0.01%
Brij 35) containing complete EDTA-free Protease Inhibitor Cocktail
(Roche). Samples were incubated for 45 min at 30 °C after addition of
1 uL N-phosphatase (100 U/uL) (New England Bio Labs).

2.9. Immunoblot analyses

Proteins were transferred from SDS-polyacrylamide gels to
polyvinylidene difuloride (PVDF) membrane, and then incubated in
2% non-fat milk and probed with primary antibodies (generated in
rabbits) to yeast mitochondrial proteins at the following dilutions:
Coqlp, 1:10,000; Coq2p, 1:1000; Coq3p, 1:1000; Coqg4p, 1:1000;
Coq5p, 1:10,000; Coq6p: 1:250; Coq7p: 1:1000; Coq8p: 1:100; Coq9p,
1:1000; secondary antibody goat anti-rabbit IgG, heavy and light
chain specific peroxidase conjugate (Calbiochem) were used
at 1:10,000. A mouse monoclonal antibody for Riplp was used at
1:10,000 and the secondary antibody was goat anti-mouse peroxidase
conjugate. Supersignal West Pico Chemiluminescent kit (Pierce) was
used for detection of polypeptides on Western blots.

2.10. Lipid extraction and analysis

Yeast cells were grown in YPGal + 0.1% dextrose. Q was extracted
from yeast whole cells as described [13,46]. Lipids were separated and
analyzed essentially as described [13]. In brief, reverse-phase HPLC
with tandem mass spectrometry was used to detect and quantify Qg
and Q4 was used as an internal standard. The mass spectrometer was
an Applied Biosystems-MDS Sciex 4000 Q Trap (Hybrid triple-quad
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linear ion trap analyzer with Autosampler, and a Turbo-V source
equipped with ESI and APCI sources).

3. Results

3.1. Coq8p is a peripheral membrane protein located on the matrix side
of the inner membrane

Coq8p is localized to the mitochondria [22] and a c-myc-tagged
form of Coq8p is located within the mitochondrial matrix [34]. Recent
analyses of yeast Coq8p have identified a membrane spanning region
[47]. Although the Coq8-c-myc tagged polypeptide was shown to
rescue growth on glycerol [34], Q content was not reported. Other
tagged forms of Coq polypeptides have been observed to rescue
growth on glycerol, but the Q content is not restored to wild type [14],
and in some cases the tagged form of the polypeptide was found to be
mislocalized in the rescued yeast strains [48]. Thus it is important to
localize the native form of the Coq8 polypeptide. We used antibodies
recognizing Coq8p to determine the submitochondrial location of the
untagged polypeptide. W303-1A yeast mitochondria were isolated and
a hypotonic shock was performed to rupture the outer membrane,
leaving the inner membranes intact, generating mitoplasts. Mitoplasts
were sonicated to disrupt the remaining membranes, allowing
separation of soluble matrix proteins and insoluble membrane
associated proteins. Mitoplasts were also treated with alkaline buffer
to extract proteins peripherally associated with the inner membrane
[49]. Western blot analysis of these samples showed that Coq8p
remained with the membrane components after sonication and was
released into the supernatant after alkaline treatment, but not after
sonication, indicating that Coq8p is a peripherally associated membrane
protein (Fig. 1A). A proteinase K protection assay on purified
mitochondria, or mitochondria subjected to hypotonic buffer to release
intermembrane space components, identified Coq8p as located on the
matrix side of the inner membrane (Fig. 1B). The results show that
Cog8p is a peripherally associated membrane protein located on the
matrix side of the inner membrane.

3.2. Mutation of the catalytic lysine-216 to alanine in Coq8p disrupts Q
biosynthesis

Amino acid sequence analyses of yeast Coq8p, human ADCK3, and
homologs have identified protein kinase motifs [27-29]. The lysine
present in motif Il is believed to be involved in the transfer of protons
during phosphorylation [50]. Previous studies have shown that mutation
of this lysine to alanine in a variety of other protein kinases results in the
loss of kinase function, but preserves structure [51]. Todetermine the role
of this conserved lysine in Coq8p function, site-directed mutagenesis was
used to convert lysine-216 to alanine. The cog8A yeast strain,
W303AABCI, was transformed with plasmids containing either wild
type or cog8-K216A and tested for growth on plate media containing
glycerol as sole nonfermentable carbon source. No growth was detected
after 3 to 10 days of incubation of transformants expressing Coq8-K2 16A
(Fig. 2). Identical results were obtained with another cog8A null mutant
FYAABCT, in a distinct genetic background (data not shown).

3.3. Steady-state polypeptide levels in coq8-K216A

Previous work has shown that deletions of any of the COQ1-C0Q9
genes results in a decrease in the steady-state levels of several of the
other Coq polypeptides [18]. For example, cog8 null mutants have
decreased levels of Coq4, Coq6, Coq7, and Coq9 polypeptides [18], and
the formation or integrity of the Q-biosynthetic complex is affected by
the absence of Coq8p [34]. To determine the steady-state level of the
Coq8-K216A polypeptide, mitochondria from yeast expressing
Coq8p-K216A were purified and steady-state polypeptide levels
were determined by Western blot. Polypeptide levels of Coq8p-



LX Xie et al. / Biochimica et Biophysica Acta 1811 (2011) 348-360

i Na,CO,  Sonicated
M IMS Sup Pel Sup Pel
Coqg8
FB
Cyt b,
Cyt ¢,
Mdh1
Swelling - - - + +
Triton X-100 = = * = o+
Proteinase K - + + + +
Abc1/Coq8 e s e S
Hsp60 (W e—
Cyto, |

Fig. 1. Coq8p is a peripheral membrane protein, associated with the mitochondrial inner
membrane on the matrix side. A. Coq8p is peripherally associated with mitochondria
membranes. Nycodenz purified mitochondria (M) were hyp ically swelled to

the intermembrane space (IMS) fraction and mitoplasts. Mitoplasts were then treated with
0.1 M Na,CO; pH 11.5, or sonicated. The treated mitoplasts were centrifuged and the
supernatant (Sup) and pellet (Pel) fractions were analyzed. B. Cog8p is located on the
matrix side of the inner membrane, Mitochondria and mitoplasts were treated with
Proteinase K with and without 1% Triton X-100. The (3 subunit of F,-ATPase (F,) is a
peripheral membrane protein [83], cytochrome b, (Cyt b,) is located in the intermembrane
space [84], cytochrome c; (Cyt ¢;) is an integral membrane protein [85], malate
dehydrogenase (Mdh1) [86] and Hsp60p [87] are localized to the matrix.

K216A when expressed from a low-copy plasmid are diminished
relative to wild-type or the null mutant expressing wild-type Coq8
(W303AABC1:p3HN4) (Fig. 3), and steady-state levels of Coq4p are
also decreased. Thus, it is not possible to discern whether low Coq4p
levels are due to the absence of kinase activity, or to the low level of
the Coq8p-K216A.

Previous studies have suggested that Q or a Q-biosynthetic
intermediate may be necessary for Coq polypeptide complex stability
[52,53]. For example, addition of Qs to growth media has been shown
to increase steady-state levels of Coq3 and Coq4p polypeptides in coq!
and coq7 null mutants [52,53], and addition of Qg to yeast coq7 null
mutant cultures restores assembly of a biosynthetic complex enabling
synthesis of DMQg, the penultimate intermediate in Q biosynthesis
[33]. Addition of Qs to cultures of cog8 null mutants has been shown to
restore growth on media containing glycerol or ethanol as the sole
nonfermentable carbon source [22]. However, addition of Qg to
cultures of W303AABC1:pK216A yeast did not rescue steady-state
Coq8 polypeptide levels. Similarly, addition of Qg did not restore the
Q-biosynthetic complex in cog8 null mutants [34]. Antibodies against
the 3 subunit of the F;-ATPase and the Complex III Rieske iron-sulfur
complex, Rip1, were used to verify equivalent sample loading, and
indicate that disruption of the Coq polypeptide complex has no effect
on steady-state levels of representative components in mitochondrial
respiratory complexes. In summary, the very low steady-state levels
of the Coq8-K216A polypeptide produce the same limitations as the
cog8 null mutant; thus, we sought to identify cog8 mutants that
retained normal steady-state levels of Coq8p.

A

PAK216A

Fig. 2. The Lysine216 in kinase subdomain Il of Coq8 is required for rescue of glycerol
growth in a yeast cog8 null mutant. The yeast cog8 null mutant (W303AABC1) was
transformed with plasmids containing either wild-type COQ8 or coq8-K216A. p3HN4
(COQ8) and pK216A (cog8-K216A) are low-copy vectors; p4HN4 (COQ8), p4K216A
(cog8-K216A), pBT8-1 (COQ8) and pBTSKA (coq8-K216A) are multicopy vectors. Yeast
transformants were incubated 3 days on YPG plate media at 30°C.

34. Characterization of yeast coq8 point mutants with normal
steady-state level of Coq8p

Eight different mutants in the G75/cog8 complementation group
[54] whose cog8 gene defects had not previously been characterized
were studied, with the goal of identifying mutants that retained
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Fig. 3. The yeast Coq8-K216A polypeptide is not present at normal steady-state levels.
Yeast were grown in 11 of YPGal medium with 0.1% dextrose and harvested at an
ODgoonm Of approximately 4. W303AABC1:pK216A + Qs was grown in YPGal +0.1%
Dextrose media supplemented with 1.2 uM Qg. Purified mitochondria from W303-1A,
‘W303AABC1 and W303AABC1 harboring the designated plasmids were subjected to
Western blot analysis.
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steady-state levels of Coq8p. These mutants were obtained via
mutagenesis of the parental wild-type strain D273-10B/A1 [55,56].
Each of the original cog8 mutants within this collection of strains
(Table 1) was shown to be defective for growth on ethanol and/or
glycerol as a carbon source, indicating a defect in respiration. The
respiratory deficiency stems from recessive mutations in a nuclear gene,
as they were complemented by a p” strain with a normal complement of
nuclear genes but lacking mitochondrial DNA (Table 1). Each strain was
cultured and subjected to analysis by Western blot. Seven of the mutants
expressed Coq8p polypeptide in amounts comparable to wild type,
W303-1A (Fig. 4). The cog8 loci in each of these seven mutants were
amplified by PCR and sequence analysis revealed that each mutant
harbored a unique nucleotide substitution mutation resulting in amino
acid substitution (Table 3). Four of the mutations affect residues within
known kinase motifs (cog8-3, A197V in motif I; cog8-6, D229N in motif
11I; and coq8-8, D346N and coq8-4, N348Y, both in motif VIB; Fig. 5). The
remaining three mutations result in glycine to aspartate substitution
and are present in regions of unknown function (coq8-2, G89D; coq8-5,
G130D; and cog8-7, G475D; Fig. 5).

Derivatives of each of these seven cog8 point mutant yeast strains
were prepared by mating to W303-1A, sporulation, and dissection of
tetrads to yield respiratory defective mutants with designated
auxotrophies (Table 1). Each of the cog8 mutant strains was rescued
for growth on glycerol-medium following transformation with p3HN4
(low-copy yeast COQ8), while transformation with pRS426 (multi-
copy yeast empty vector) failed to rescue growth. Two of the cog8
point mutants were chosen for further characterization: the W222
point mutant (cog8-5; G130D) was chosen because it mirrors a
human ADCK3 mutation (G272D) present in a conserved region of
unknown function and that is associated with disease and a lower
level of Qo content in skeletal muscle [26], and the W182 cog8 point
mutant (coq8-3; A197V) was selected because it is located within
conserved kinase motif I, and we anticipated that it would disrupt
kinase activity of Coq8p.The rescue of W183 and W222, harboring the
respective cog8-3 or cog8-5 allele, is shown (Fig. 6). To determine the
effect of the mutations on Qs content, lipids were extracted from wild-
type and mutant yeast, and Qs levels were measured with a QT4000
mass spectrometer coupled in-line with reversed phase HPLC. Qg was
not detected in W303ACOQ8, W183, or W222 harboring empty
vector, pRS426. In contrast, Qs levels were restored in W303ACOQ8,
W183, and W222 mutant yeast harboring the p3HN4 plasmid (low-
copy yeast ABC1/COQ8) (Fig. 7). The rescue is less efficient in the point
mutants (W183 and W222) than in the cog8 null mutant, perhaps due
to interference by the mutant Coq8 polypeptide.

3.5. Expression of the human ADCK3 polypeptide rescues yeast cog8
mutants

A human homolog ADCK3 shows 38% amino acid sequence identity
with S. cerevisiae Coq8p. However, the human ADCK3 gene has not
been shown to rescue the yeast cog8 mutant. To determine if ADCK3
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Fig. 4. Seven yeast cog8 mutant strains have normal steady-state levels of the Coq8
polypeptide. The designated yeast strains were grown in YPD, lysed with 2% SDS and
425-600 pm glass beads (Sigma). Aliquots of whole cell lysates (corresponding to 0.1
ODgqp of yeast cells) were separated by SDS-PAGE and then transferred to a PVDF
membrane for Western blot analyses with antibodies to Coq8p.
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Table 3
Amino acid and nucleotide substitutions of cog8 alleles.

Strain (abc1/cog8 allele)
C130 (cog8-1)

Amino acid substitution (nucleic acid mutation)”

Not determined

C177 (cog8-2) G89D (G266A)
C183 (cog8-3) A197V (C590T)
C194 (cog8-4) N348Y (A1042T)
222 (cog8-5) G130D (G389A)
(240 (cog8-6) D229N (G685A)
€275 (coq8-9) Not determined
C308 (cog8-7) G475D (G1424A)
€315 (cog8-8) D346N (G1036A)

2 Positions of mutations are relative to the ATG start codon of ABC1/C0QS.

might be an ortholog of yeast COQ8, its corresponding ¢cDNA was
subcloned into yeast expression vectors. Prior studies showed that
rescue of yeast cog mutants by heterologous COQ genes required
expression from multicopy vectors [46,57]. In other cases, rescue by
an E. coli homolog of Coq5p was observed for certain cog5 point
mutants but not cog5 null mutants [58]. Neither low-copy nor high-
copy plasmids expressing ADCK3 from the yeast CYCI promoter
(Table 2) were found to rescue yeast cog8 mutants [59]. It seemed
possible that the human ADCK3 polypeptide may not be efficiently
transported to the yeast mitochondrial matrix. To remedy this
potential problem, we then tested plasmids expressing ADCK3 ORF
with an amino-terminal yeast mitochondrial leader sequence
(plcADCK3 and pmcADCK3). The resulting plasmids were transformed
into a cog8 null mutant (W303AABC1) as well as yeast strains
containing the cog8-3 (W183) and cog8-5 (W222) mutant alleles. To
test rescue, yeast cog8 mutants harboring ADCK3 were plated on
medium containing the nonfermentable carbon source, glycerol. Each of
the cog8 mutants tested was rescued by pmcADCK3, and rescue was also
observed after 10 days with plcADCK3 (Fig. 6). The pmcADCK3 plasmid
partially restored Qg content in yeast lipid extracts from transformed
yeast (Fig. 7). Yeast abcl/cog8 mutants transformed with pmcADCK3
contained a small amount of Qg, while the same mutants transformed
with the empty vector (pRS426) contained no detectable Q.

The long incubation time needed to observe the rescue of the
W222 cog8 mutant by low-copy ADCK3, and the cog8 null mutant by
multicopy ADCK3 probably reflects the time necessary to accumulate
a sufficient amount of Qs. Yeast growth is observed in the spot
containing only 20,000 cells (2 pl of yeast cells at Agoonm= 1.0 or
1x 107 cells/ml). Hence, it seems unlikely that spontaneous secondary
mutations could account for the rescue on YPG, since they would not
be expected to arise at such a high frequency. While there does not
seem to be a strong correlation between the rescued growth in Fig. 6
and the Qs content shown in Fig. 7, it seems likely that the content of
Qg as measured in YPGal liquid medium (Fig. 7) may not be indicative
of the Qg content in cells tested for growth on YPGlycerol. In fact, yeast
coq7 mutants rescued with a heterologous gene and cultured on YPGal
have been shown to have lower Qg content as compared to the same
cells cultured on YPG [53]. In summary, human ADCK3 is an ortholog
of yeast Coq8p, since its expression rescues both growth on
nonfermentable carbon source and Qg biosynthesis in yeast coq8
mutants.

3.6. Coq8p is required for steady-state levels of other Coq polypeptides

Previous studies have investigated the effects of deletions in the
COQ genes on the steady-state protein levels of Coq1p-Coq10p [18].
To examine whether cog8 point mutants destabilize other Coq
polypeptides, mitochondria isolated from W183, W222, W303-1A
(WT), and W303AABC1 were analyzed on immunoblots with antisera
against the Coq1-Coq9 proteins (Fig. 8). Mitochondria from W183
and W222 contained steady-state levels of Coq8p, which was absent
in W303AABCI. Steady-state levels of Coqlp, Coq2p, Coq3p, Coq5p,
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Fig. 5. Amino acid alignment of Abc1/Coq8p homologs. An alignment of Abc1/Coq8p and its homologs was created using DNASTAR™ Megalign. Clustal method was used with
PAM250 residue weight table. Homologs are E. coli (GenBank™ accession number P27854), S. pombe (GenBank™ accession number CAA62818), A. thaliana (GenBank™ accession
number AAC72875), C. elegans (GenBank™ accession number AAA62560), D. melanogaster (GenBank™ accession number AAA62560NP_572836) and humans (ADCK1, ADCK2,
ADCK3/CABC1, ADCK4 and ADCK5. GenBank™ accession numbers NP_065154, NP_443085, BAB91363, NP_079152 and NP_777582, respectively). S. cerevisiae cog8 mutant alleles and
their mutations identified in this study (Table 3) are indicated on the alignment by arrows. Mutations detected in CABC1/ADCK3 in human patients [26,27,73] are indicated with
triangles. Kinase subdomains 1, I, I1I, VIB, VIl and VIII, the G-x-G-x-x-G glycine-rich region and the D-x-x-x-x-N catalytic loop are indicated. The invariant lysine of subdomain Il is
designated with an asterisk. A highly conserved motif in Cog8p with remarkable sequence identity to aregion in the Bacillus subtilis protein RsbU is indicated by the hatched bar (.
Numbers on the left indicate amino acid position relative to the start codon. Identical residues are shaded.

and Coq6p were observed in each of the cog8 mutant strains. As
reported by Tauche et al. [34], we observed that the presence of
phosphatase inhibitors during mitochondria isolation preserved the
steady-state levels of Coq3p. Interestingly, W183 contained steady-
state levels of Coq4p and Coq7p, which were either dramatically
decreased or absent in W222 and W303ACOQ8. All three cog8 mutant

strains had dramatically decreased levels of Coq9p compared to wild
type. Expression of human ADCK3 was able to restore steady-state
level of Coq4p in W222, and steady-state level of Coq7p in both W222
and W303AC0Q8 strains. However, Coq9p level in the ADCK3
transformed yeast remained significantly decreased compared to
wild-type yeast.
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Fig. 6. Expression of the human ADCK3 polypeptide rescues the growth of yeast cog8
mutants on nonfermentable carbon source media Yeast cog8 point mutants W183 and
W222, and cog8 null mutant (W303AABC1) were transformed with the designated
plasmids: p3HN4, yeast low-copy COQS; plcADCK3, low-copy ADCK3; pmcADCK3,
multicopy ADCK3; or pRS426, empty vector. Each strain was cultured overnight in SD-Ura
selective media, the optical density (Asoonm) Was adjusted to 1.0, and 2 pl of 1:5 serial
dilutions were spotted onto plate media, corresponding to a final Ageonm of 1.0, 0.2, 0.04,
0.008, 0.0016, or 0.00032. A, C, and E, Growth is depicted on SD-Ura plates after 3 days of
incubation at 30 °C; B, D, and F, YPG plates after 10 days of incubation at 30 °C.

3.7. Coq3p, Coq5p, and Coq7p are putative substrates of Cog8p
Phosphorylation of Coq3p has been shown to depend on the
presence of Coq8p [34]. 2D-IEF/SDS-PAGE was performed to address

whether other Coq polypeptides might also serve as substrates for

120+

Qg (Pmol/ODgg)

Fig. 7. Expression of the human ADCK3 polypeptide partially restores Qs content in
yeast cog8 mutants. Yeast cells were cultured in YPGal + 0.1% dextrose and collected at
an optical density (Asoonm) of about 1.0. The content of Qs in yeast cell lipid extracts was
determined by HPLC/MS-MS as described in Materials and methods. Yeast cog8
mutants were transformed with plasmids expressing yeast ABC1/COQ8 (low-copy,
p3HN4), human CABC1/ADCK3 (multicopy, pmcADCK3), or empty vector control
(multicopy, pRS426). Each bar represents a total of four measurements from two
independent samples each with two injections. Standard deviations are represented
with error bars. Q4 was used as internal standard.
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Fig. 8. Expression of the human ADCK3 polypeptide in yeast cog8 mutants partially
restores steady-state levels of some of the yeast Coq polypeptides. Mitochondria were
isolated from wild-type yeast (W303-1A) or from the indicated cog8 mutant yeast
strains with or without pmcADCK3 (a multicopy plasmid with ADCK3). Isolated
mitochondria (20 pg protein) from the designated yeast strains were separated by 10%
SDS-PAGE and then transferred to a PVDF membrane for immunoblotting with
antibodies to one of the Coq polypeptides (Coq1-Coq9), or to malate dehydrogenase
(Mdh1), as a loading control.

Coq8p. Purified mitochondria from wild-type W303-1A and from cog8
mutants (W183, W222, and W303AC0Q8) were subjected to 2D-IEF/
SDS-PAGE as described in Materials and methods. Whereas previous
studies made use of a tagged version of Coq3p [34], we utilized
antibodies to Coq3p to detect the polypeptide in its natural state
(Fig. 9). The detection of Cog3p revealed two spots in wild type in the pH
range of 5-6, which is consistent with the predicted isoelectric point of
5.44 for Coq3p (Table 1S). The leftward, more acidic spot was no longer
present in the phosphatase-treated wild-type mitochondria, identifying
it as a phosphorylated isoform of Coq3p. These studies confirm the
observation that W303AABC1 contained only the unphosphorylated
isoform of Coq3p [ 34] and allowed us to use Coq3p as an internal marker
in these analyses. Interestingly, W183 does contain a small fraction of
phosphorylated Coq3p, suggesting this point mutation did not com-
pletely eliminate the kinase activity of Coq8p. On the other hand, W222
contained only the unphosphorylated isoform of Coq3p, with migration
patterns similar to the cog8 null mutant. Expression of human ADCK3
was able to restore the phosphorylation state of Coq3p in both cog8 null
mutant and W222 point mutant, although to different degrees.
Detection of Coq5p and Coq7p with antibodies to these polypeptides
revealed multiple spots for each (Fig. 10). For Coq5p, wild-type
mitochondria contained at least four spots in the pH range of 5 to 6,
consistent with the predicted isoelectric point of Coq5p (Table 1S). The
two most acidic spots disappeared in wild-type mitochondria upon
phosphatase treatment, indicating those two spots represent two
different phosphorylation states of Coq5p. Interestingly, W183, W222,
and W303AABC1 contained three spots, lacking the most acidic spot
observed in wild type, indicating that Coq8p is responsible for the most
acidic phosphorylated isoforms of Coq5p. This result suggests that there
may be another kinase working together with Coq8p on Coq5p, which is
responsible for some Coq5p phosphorylation. The phosphorylation
pattern of Coq5p is restored to wild type when ADCK3 was expressed in
the point mutants W222 and W183. For Coq7p, three spots were
observed in wild-type mitochondria in the pH range of 7 to 8, consistent
with the predicted isoelectric point of Coq7p (Table 1S). The left two
spots disappeared upon phosphatase treatment, indicating those two
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Fig. 9. Expression of the human ADCK3 polypeptide in yeast cog8 mutants partially
restores the phosphorylation state of the yeast Cog3 polypeptide. Isolated mitochondria
(200 pg protein) from wild-type yeast (W303-1A), or from the designated cog8 mutants,
W183, W222, or W303ACOQS8, either without or with pmcADCK3 (as indicated), were

d by two-di 1 electrop is, with isoelectric focusing (IEF) in the first
dimension and SDS-PAGE in the second dimension, followed by transfer to PVDF
membranes for Western analysis. Where indicated, wild-type mitochondria were treated
with phosphatase prior to rehydration and IEF. Coq3p was detected with anti-Coq3p
antibody (1:1000 dilution). The two dashed lines indicate the positions of Coq3p isoforms.
The pH range for IEF is indicated.

spots are phosphorylated isoforms of Coq7p. Coq7p is not detected in
the cog8 null mutant (Fig. 10) since it is destabilized in the W303AABC1
strain (Fig. 8). In contrast, the W183 point mutant contained two spots,
lacking the most acidic spot as compared to the wild type. However, it is
difficult to discern whether a distinct kinase acts on Coq7p, or whether
the A197V point mutation in Coq8p of W183 fails to completely
eliminate the kinase activity. As shown in Fig. 8, W222 mitochondria do
not contain stable levels of Coq7p. Expression of human ADCK3 s able to
restore the phosphorylation pattern of Coq7p in both cog8 point
mutants, but only the steady-state level of Coq7p is restored in cog8 null
mutant (Figs. 8 and 10).

4. Discussion

S. cerevisiae Coq8 polypeptide, and its human homolog ADCK3, have
been shown to be required for biosynthesis of Q [22,26,27]. Yeast Coq8p
is known to be required for the phosphorylation of the yeast Coq3
polypeptide, and this phosphorylation is important for the stability or
formation of a multisubunit Coq polypeptide Q-biosynthetic complex
[34]. In this work we have identified and utilized cog8 mutants that
retain normal steady-state levels of the Coq8 polypeptide and
determined the effects of Coq8 point mutations on Qg content, Coq
polypeptide steady-state levels, and the phosphorylated states of Coq3p,
Coq5p, and Coq7p. The results suggest a profound functional conserva-
tion of kinase activity of human ADCK3, which when expressed in yeast
cog8 mutant strains rescues both Qg synthesis and phosphorylation of
yeast Coq3, Coq5 and Coq7 polypeptide substrates.

Initially, we introduced a K216A substitution within kinase motif Il
of Coq8p, because the corresponding mutation of this residue in other
kinases resulted in correctly folded but kinase-inactive enzymes [51].
However, levels of the K216A-Coq8 polypeptide were profoundly
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Fig. 10. Expression of the human ADCK3 polypeptide in yeast cog8 mutants partially
restores the phosphorylation state of the yeast Coq5 and Coq7 polypeptides. Isolated
mitochondria (200 pg protein) from wild-type yeast (W303-1A), or from the designated
coq8 mutants, W183, W222, or W303ACO0Q8, either without or with pmcADCK3 (as
indicated), were analyzed as described in Fig 7. Where indicated, wild-type mitochondria
were treated with phosph, prior to ion and IEF. Cog5p and Coq7 were
detected with the designated antibodies (1:1000 dilution). The dashed lines designate the
alignment and relative positions of the Coq5p and Coq7p isoforms The pH range for IEF is
indicated.

decreased as compared to wild-type Coq8p. Consequently, steady-
state levels of the other Coq polypeptides were also decreased (for
example Coq4p), as observed previously in cog8 null mutants [18]. For
this reason we screened a collection of yeast cog8 mutants [54], with
the goal of identifying cog8 mutant strains that retained normal
steady-state levels of the Coq8 polypeptide.

Seven distinct cog8 missense mutations were characterized in yeast
mutants that produced a wild-type steady-state level of Coq8p. Four of
the seven yeast cog8 mutations affect residues that reside within known
kinase subdomains (Fig. 5). A197V is located in subdomain I, which
surrounds the bound ATP [51]. This subdomain in the majority of
eukaryotic protein kinases contains the amino acid sequence G-x-G-x-
x-G, present in many nucleotide-binding proteins. This motif helps form
a [3-strand-turn-3-strand structure that holds the o and (3 phosphate
groups of ATP [51].1n Coq8p, this motif contains two alanine residues in
place of the first two glycine residues (A-A-A-S-I-G). While the A197V
(underlined) might cause steric hindrance and interfere with binding of
phosphate moieties, our results indicate that the yeast W183 (cog8-3)
mutant harboring A197V-Coq8p retained some kinase activity. Another
mutation affected the aspartate in subdomain Il (D229N), believed to
help stabilize interactions between the invariant lysine of subdomain II
and the phosphate groups of ATP [60,61]. Disruption of the negative
charge at that position would directly affect its ability to form a salt-
bridge with the lysine. Two other mutations, D346N and N348Y, affected
residues with kinase subdomain VIB, identified by the D-x-x-x-x-N
motif that forms a catalytic loop. The invariant D residue of this loop is
believed to be the catalytic base that accepts the proton from the amino
acid substrate hydroxyl [51]. Thus D346N-Coq8p would be expected to
slow or prevent phosphorylation. Distinct classes of eukaryotic protein
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kinases uniformly retain the invariant terminal D and N residues of motif
VIB but show variations of the “x” residues that mediate peptide
substrate recognition [62-64]. For example, many serine and threonine
kinases typically contain the sequence D-L-K-P-E-N, while tyrosine
kinases contain D-L-R-A-A-N or D-L-A-A-R-N[65]. The sequence D-P-N-
W-A-N constitutes another distinct motif that is highly conserved
among the Coq8/ADCK3 homologs (Fig. 5). The yeast cog8 mutation
resulting in N348Y (underlined) would likely disrupt the structure of
this catalytic loop.

Three cog8 missense mutations (G89D, G130D, and G475D) are
present in regions of unknown function. Both G89D and G130D are
located near or in conserved regions. Patients harboring ADCK3
mutations resulting in R213W, G272V or G272D (corresponding to
R77 and G130 inyeast Coq8, respectively) had deficiencies in muscle Q;¢
content [26]. Introduction of the human mutations into the
corresponding positions of yeast Coq8 (R77WCoq8, G130VCoq8, or
G130DCoq8) and expression in yeast cog8 null mutants was shown to
result in greatly decreased or absent Qg content, respectively [26]. We
confirm that the corresponding yeast cog8 mutant harboring G130D-
Coq8p lacked Qs and further determined that it failed to phosphorylate
Coq3p and Coq7p and was deficient in phosphorylation of Coq5p.

The mutation in cog8-7 (G475D) is near the sequence P-P-P-E-E-T-
Y-S-L-H-R-K-x-x-G, identifying a remarkably conserved region among
the Coq8 and human ADCK3 and ADCK4 homologs (Fig. 5). A BLAST
search with this sequence identifies a similar segment in the Bacillus
subtilis protein, RsbU. This sequence is well conserved near the amino-
terminus of RsbU homologs (Fig. 11). In crystal structures of RsbU, this
region forms an «-helix and several conserved residues (including P44
and E45 in B. subtilis) are required for interaction with a neighboring
a-helix [66]. This interaction stabilizes the RsbU polypeptide
(a phosphatase), allowing it to form a homodimer necessary for binding
of RsbU to RsbT (a kinase). The RsbU/RsbT interaction (termed partner
switching) is controlled by serine phosphorylation and mediates stress
response to environmental and nutritional signals in B. subtillis, and
contributes to pathogenicity and enhanced intracellular growth of
Staphylococcus aureus and Listeria monocytogenes [67,68]. In Coq8p, this
motif is located near the carboxyl-terminus. It is conceivable that in
yeast Coq8 and human ADCK3, this region mediates a similar protein-
protein interaction required for Q biosynthesis. Tauche et al. [34]
determined that yeast Coq8p forms homomeric complexes. In fact, the
rescue mediated by expression of wild-type yeast COQ8 was much less
robust in yeast cog8 point mutants as compared to the cog8 null mutant
(Fig. 7), suggesting that dysfunctional Coq8p present in the point
mutants may interfere with functional interaction(s) of wild-type
Coq8p, either with itself or with partner polypeptides.

Tauche et al. [34] discovered that Coq3p is a putative phosphorylation
substrate of Coq8p using a tagged version of Coq3p. Here, we utilized
antibodies to the Coq3 polypeptide to confirm this result, and extended
the studies by examining Coq polypeptide steady-state levels and
phosphorylation status in wild-type, cog8 null and two of the cog8 point
mutants that retained high steady-state levels of the Coq8 polypeptide.

Coq8 Sc 460
Cog8 Ce 681
Adck3 Hs 600
RsbUBs 39
RsbU Bl 39
RsbU Bh 40

Fig. 11. The carboxyl terminal segment of Coq8 homologs and the amino terminal segment
of RsbU homologs share a region of high identity. In RsbU the sequence designated by the
blackbar forms an alpha-helix, and side chains interact with a neighboring alpha-helix ina
RsbU homodimer. Numbers indicate the amino acid position of the segment. The RsbU
homologs shown are from Bacillus subtilis (GenBank accession number NP_388351),
Bacillus lichenformis (GenBank accession number YP_077796), and Bacillus halodurans
(GenBank accession number NP_241392). Shading indicates identical residues present in
the majority of the sequences.
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The cog8 null mutant and W222 (cog8-5; G130D) were found to possess
only the unphosphorylated isoform of Coq3p. However, W183 (cog8-3;
A197V) retained phosphorylated Coq3p, suggesting that the A197V
mutation did not eliminate the kinase activity of Coq8p and allowed
phosphorylation of Coq3p. W183 retained high steady-state levels of Coq1
through Coq8 polypeptides, although levels of Coq9p were decreased
relative to wild type. In contrast, W222 had dramatically lower levels of
Coq4p and lacked Coq7p and Coq9p, a phenotype similar to the cog8 null
mutant. One interpretation is that phosphorylated forms of Coq3p are
required to preserve stability of Cog4, Coq7 and Coq9 polypeptides. In
contrast, the W222 mutant lacked phosphorylated forms of Coq3p,
contributing to profound destabilization of Coq4, Coq7 and Coq9
polypeptides. Alternatively, the mutation in W183 that allows for
detectable steady-state levels of Coq9p may in tum stabilize the other
Coq polypeptides.

Coq7p and Coq5p were also found to be substrates of Coq8p. Wild-
type yeast and the W183 cog8-3 mutant each contained normal steady-
state levels of Coq7p, and W183 retained one of the two phosphorylated
Coq7 isoforms. In contrast, the cog8 null and W222 mutant both lacked
steady-state levels of Coq7p. We propose that the steady-state level of
Coq7p depends on Coq8 kinase activity, and that phosphorylation of
Coq7p prevented Coq7p from destabilization. Coq7 has been previously
identified as a regulated step in Q biosynthesis [33]. We further
demonstrated that Coq5p also contained multiple phosphorylated
isoforms. However, not all of the phosphorylation states of Coq5p
were Coq8p-dependent. Both the cog8 null mutant and the W222 coq8
point mutant lacked only the most acidic Coq5 spot in the 2D-IEF
analyses. Three of the four Coq5 spots observed in wild-type
mitochondria disappeared upon phosphatase treatment, suggesting
that there is another kinase (or kinases) acting on Coq5p. Whether these
phosphorylated isoforms of Coq5 are essential for Q synthesis still
remains a question.

In these analyses we were not able to resolve phosphorylation
states of several of the Coq polypeptides. Coq4p did not appear to be
phosphorylated, since it migrated as one spot, and showed similar
mobility with or without phosphatase treatment (data not shown).
Coq2, Coq6, Coq8, Coq9 and Coq10 polypeptides were not detectable
on 2D-IEF gels, even though they can be readily detected in isolated
mitochondria by Western blot of SDS-PAGE gels. Although multiple
spots of Coq1p were detected on 2D-IEF gels, no signal was detected
following phosphatase treatment, thus the phosphorylation state of
Coq1p is ambiguous (data not shown).

Steady-state levels of Coq9p mirrored those of Coq7p, and thus it is
tempting to speculate that Coq8 may also phosphorylate Coq9p. In fact,
Coq9p has been detected in a yeast phosphoproteome analysis and is
phosphorylated at T34 [69]. Currently, this is the only reported
phosphorylation site in any yeast Coq polypeptide [70]. The amino
terminal sequence of Coq9 residue is not conserved in metazoan Coq9
sequences, and it is interesting that T34 may be located within the
predicted mitochondrial leader sequence of yeast Coq9p (Table 1S).
Overexpression of COQ8 is known to suppress a nonsense (Q;5;STOP)
coq9 mutant [ 18] and was attributed to a detectable presence of Coq9p
due to read-through. Overexpression of COQ8 restores the steady-state
level of Coq4p in several coq null mutants, but not in the coq9 null
mutant [71]. While experiments have not revealed a complex between
Coq8p and Coq9p [30], it is certainly possible that phosphorylation of
Coq9p by Coq8p might be necessary to form a Q-biosynthetic complex
and so preserve the otherwise unstable Coq polypeptides known to
interact with Coq9, including Coq4p, Coq6p, and Coq7p. It is likely that
such Coq8-mediated phosphorylation of Coq polypeptides might
function to regulate Qg synthesis, and thus also account for the COQ8
multicopy suppression of the coql0 mutant [31,71].

Expression of the Coq8 human homolog, ADCK3, rescued the growth
of yeast cog8 mutants on nonfermentable carbon source and enabled
synthesis of Qg Although ADCK3 (CABC1) has been localized to
mitochondria [72], the rescue observed here required the addition of
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an amino-terminal yeast mitochondrial leader sequence to ADCK3
(pmcADCK3). In the yeast W222 and cog8 null mutants, pmcADCK3
rescued phosphorylation of Coq3p and Coq7p. The rescue afforded by
pmcADCK3 was most dramatic in the W222 mutant because restoration
of phosphorylated Coq3p and Coq7p coincided with significantly
increased steady-state levels of Coq7p, Cog4p, and Coq9p. ADCK3 also
restored the phosphorylation state of Coq5p in W222. The effect of
pmcADCK3 on the steady-state level of Coq polypeptides was less
significantin the cog8 null mutant. We speculate that the presence of the
Coq8-G130D polypeptide may facilitate the phosphorylation or stabi-
lization of yeast Coq polypeptides by human ADCK3. It is important to
note that detection of phosphorylation by 2D-IEF and Western blot can
detect whether or not a protein is phosphorylated but does not indicate
whether the polypeptide is correctly phosphorylated. While the rescue
observed is dramatic, growth is much slower and the content of Qg is
much lower in the ADCK3 rescued mutants as compared to mutants
rescued with yeast COQ8. ADCK3 shares 38% sequence identity with
yeast Coq8p (Fig.5), thus the activity of ADCK3 might notbe ideal for the
yeast substrates.

Patients harboring missense, deletion, or nonsense mutations in
both copies of ADCK3 seem to have a distinct and milder presentation
of symptoms as compared to patients with defects in other genes
necessary for Q biosynthesis [26,27,73]. For example patients with
severe mutations resulting in nonsense mediated decay of ADCK3
mRNA, develop progressive cerebellar ataxia, but indicate that ADCK3
itself is not essential for life [73]. In contrast, patients with PDSSI,
PDSS2, COQ2, or COQ9 mutations generally exhibit a severe multi-
systemic infantile form of Q-deficiency, and develop renal disease
[74]. In the clinical setting it is important to identify Q-deficiencies in
patients as early as possible, since treatment with oral Qo can
sometimes elicit dramatic improvement [74]. Partial rescue of kidney
disease with oral Qo supplements has been observed in the Pdss2
mouse model of kidney disease [75]. Yeast cog8 null mutants are
indistinguishable from the other yeast coq mutants (coql-coq7 and
coq9); they lack Q, have severe respiratory deficiency, and exhibit
similar sensitivity to oxidative stress [ 11,15]. Therefore, it seems likely
that one or more of the other human homologs of ADCK3 must also
function in Q biosynthesis, perhaps supplying a partial overlap of
function. Consistent with this idea is that fibroblasts cultured from
patients with defects in ADCK3 have normal Qo content [26]. The best
candidate appears to be ADCK4, since it shares highest sequence
identity. However, the function of ADCK4 in Q biosynthesis is not yet
clear.

It is intriguing that plants contain numerous homologs of Coq8/
ADCK3. Arabidopsis thaliana ABCIA is an ortholog of yeast Coq8p, and
when expressed in yeast cog8(abc1) mutants, rescues the Q-deficient
respiratory defect [76]. However, four distinct A. thaliana Coq8
homologs are present within plastoglobules, which are located within
chloroplasts and appear to be important in lipid metabolism,
including the synthesis and storage of other prenylated molecules
such as plastoquinone, phylloquinone, and tocopherols [77]. It will be
important to determine the function of plant Coq8(Abc1) homologs in
the synthesis and regulation of these prenylated lipid molecules.
Indeed, the stress sensitivity observed in A. thaliana strains harboring
insertion mutations in the AtOSAl gene (a Coq8 homolog) is
consistent with a defect in synthesis of one of the prenylated quinone
antioxidant lipids [47].

In summary, there is a striking conservation of Q biosynthesis from
yeast to humans [11,15]. This can now be extended to include the
conserved function of yeast Coq8p and human ADCK3. Both yeast
Coq8p and human ADCK3 appear to function as kinases recognizing
conserved Coq polypeptide substrates, including Coq3p, Coq7p, and
Coq5p. This phosphorylation is key to the formation or maintenance
of a Q multisubunit complex [34] and may modulate biosynthesis of Q.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bbalip.2011.01.009.
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Appendix 11
Coenzyme Q supplementation or over-expression of the yeast Cog8 putative
kinase stabilizes multi-subunit Coq polypeptide complexes in yeast coq null

mutants

146



Biochimica et Biophysica Acta 1841 (2014) 630-644

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbalip

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

yeast cog null mutants’*

@ CrossMark

Cuiwen H.He (f725) *, Letian X. Xie (%X ), Christopher M. Allan, UyenPhuong C.Tran ', Catherine F. Clarke

Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095-1569, USA

Molecular Biology Institute, University of California, Los Angeles, CA 90095-1569, USA

ARTECL E IN/E O ABSTRACT

Nﬁdf? history: Coenzyme Q biosynthesis in yeast requires a multi-subunit Coq polypeptide complex. Deletion of any one of the
Received 8 October 2013 (0Q genes leads to respiratory deficiency and decreased levels of the Cog4, Cog6, Coq7, and Coq9 polypeptides,
Received in revised form 17 December 2013 suggesting that their association in a high molecular mass complex is required for stability. Over-expression of
Accepted 30 December 2013

the putative Cog8 kinase in certain cog null mutants restores steady-state levels of the sensitive Coq polypeptides
and promotes the synthesis of late-stage Q-intermediates. Here we show that over-expression of Coq8 in yeast
coq null mutants profoundly affects the association of several of the Coq polypeptides in high molecular mass
complexes, as assayed by separation of digitonin extracts of mitochondria by two-dimensional blue-native/SDS
PAGE. The Coq4 polypeptide persists at high molecular mass with over-expression of Cog8 in cog3, cog5, cog6,
coq7, cog9, and coq10 mutants, indicating that Coq4 is a central organizer of the Coq complex. Supplementation
with exogenous Qg increased the steady-state levels of Cog4, Coq7, and Coq9, and several other mitochondrial
polypeptides in select cog null mutants, and also promoted the formation of late-stage Q-intermediates. Q sup-
plementation may stabilize this complex by interacting with one or more of the Coq polypeptides. The stabilizing
effects of exogenously added Qg or over-expression of Coq8 depend on Coql and Coq2 production of a
polyisoprenyl intermediate. Based on the observed interdependence of the Coq polypeptides, the effect of exog-
enous Qg, and the requirement for an endogenously produced polyisoprenyl intermediate, we propose a new

Available online 7 January 2014

Keywords:

Coenzyme Q supplementation
Mitochondrial metabolism
Protein complex
Q-biosynthetic intermediate
Saccharomyces cerevisiae
Ubiquinone

model for the Q-biosynthetic complex, termed the CoQ-synthome.

© 2014 Elsevier B.V. All rights reserved.

Abbreviations: 4-AP, 3-hexaprenyl-4-aminophenol; Coq1, the Coql polypeptide;
C0Q1, designates the wild-type gene encoding the Coq1 polypeptide; coq1, designates a
mutated gene; DDMQs, the oxidized form of demethyl-demethoxy-QsHz; DMQs,
demethoxy-Qs; DMQsH2, demethoxy-QsH2; 4-HB, 4-hydroxybenzoic acid; HAB,
3-hexaprenyl-4-aminobenzoic acid; HHAB, 3-hexaprenyl-4-amino-5-hydroxybenzoic
acid; HHB, 3-hexaprenyl-4-hydroxybenzoic acid; HMAB, 3-hexaprenyl-4-amino-
5-methoxybenzoic acid; 4-HP, 3-hexaprenyl-4-hydroxyphenol; IDMQg, 4-imino-
demethoxy-Qs; MRM, multiple reaction monitoring; pABA, para-aminobenzoic
acid; Q, ubiquinone or coenzyme Q; QsH,, ubiquinol or coenzyme QgH,; RP-HPLC-MS/MS,
Reverse phase-high performance liquid chromatography-tandem mass spectrometry;
START, steroidogenic acute regulatory protein-related lipid transfer

* This work was supported in part by the National Science Foundation Grant 0919609
(CF.C.), and by National Institutes of Health SIORR024605 from the National Center for
Research Resources for purchase of the LC-MS/MS system. C.H.H. was supported by the
National Institutes of Health Grant T32 GM 008496 and by the UCLA Graduate Division.
LX.X. was supported by Ruth L. Kirschstein National Institutes of Health Service Award
GMO007185.

* Corresponding author at: UCLA Department of Chemistry and Biochemistry, 607
Charles E Young Drive E, Box 156905, Los Angeles, CA 90095-1569, USA. Tel.: +1 310
8250771; fax: +1 310 206 5213.

E-mail address: cathy@chem.ucla.edu (CF. Clarke).

! Present address: Department of Biological Chemistry, University of California, Irvine,
CA 92697-1700, USA.

1388-1981/$ - see front matter © 2014 Elsevier BV. Al rights reserved.
hitp://dxdoi.org/10.1016/jbbalip2013.12.017

1. Introduction

Coenzyme Q (ubiquinone, CoQ or Q) is a lipid composed of a fully
substituted benzoquinone ring and a polyisoprenyl chain, which con-
tains six isoprene units in Saccharomyces cerevisiae (Qs), eight in
Escherichia coli (Qg), and ten in humans (Q0) [1]. Qis an electron carrier
in the mitochondrial respiratory chain, and is essential in cellular ener-
gy metabolism [2]. The oxidized quinone (Q) accepts electrons from
NADH via complex [, or succinate via complex I, and the reduced hydro-
quinone (QH;) donates electrons to cytochrome c¢ via complex IIL
Instead of complex I, S. cerevisiae rely on the much simpler NADH:Q
oxidoreductases that oxidize NADH external to the mitochondria
(Ndel and Nde2), or inside the matrix (Ndil) [3]. In mammalian
mitochondria Q functions to integrate the respiratory chain with
many aspects of metabolism by serving as an electron acceptor for
glycerol-3-phosphate, dihydroorotate, choline, sarcosine, sulfide, and
several amino acid and fatty acylCoA dehydrogenases [4,5]. QH, also
functions as a crucial lipid-soluble antioxidant [6] and decreased levels
of Q are associated with mitochondrial, cardiovascular, kidney and
neurodegenerative diseases [7-11]. A better understanding of the
enzymatic steps and organization of the polypeptides and cofactors
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required for Q biosynthesis will aid efforts to determine how the con-
tent of this important lipid can be regulated for optimal metabolism
and health.

Q biosynthesis in S. cerevisiae requires at least eleven proteins, Coq1-
Coq9, Arh1, and Yah1 (Fig. 1) [12-14]. Yeast mutants lacking any of the
Coq1-Coq9 polypeptides are respiratory deficient due to the lack of Q.
The Coql polypeptide synthesizes the hexaprenyl diphosphate tail,
and Coq2 attaches the tail to either 4-hydroxybenzoic acid (4HB)
or para-aminobenzoic acid (pABA); both are used as aromatic ring
precursors in the biosynthesis of Q in yeast [13,15]. The other Coq
polypeptides catalyze ring modification steps including O-methylation
(Coq3), C-methylation (Coq5), or hydroxylation (Coq6 and Coq7).
Coq6 requires ferredoxin (Yah1) and ferredoxin reductase (Arh1),
which presumably serve as electron donors for the ring hydroxylation
step [13,16]. Cog4, Coq8, and Coq9 polypeptides are essential for Q
biosynthesis but their functional roles are not yet completely under-
stood. In the Q-biosynthetic pathway proceeding from pABA, Coq9 is
required for the replacement of the ring amino substituent with a
hydroxyl group, although it remains uncertain exactly how this step is
carried out [ 17].

Both genetic and physical evidence indicate that a multi-subunit Coq
polypeptide complexis essential for Q biosynthesis [12,18-20]. Deletion

of any one of the COQ genes in S. cerevisiae leads to destabilization of
several other Coq polypeptides; the levels of Coq4, Coq6, Coq7, and
Coq9 polypeptides are significantly decreased in each of the cog1-coq9
null mutant yeast strains [20]. Although steady-state levels of the
Coq3 polypeptide were also found to be decreased [20], Coq3 levels in
mitochondria isolated from the cog4-cog9 null mutants were shown
to be preserved in subsequent studies performed in the presence
of phosphatase and protease inhibitors [17,21]. As a result of the
interdependence of the Coq polypeptides, cog3-coq9 null mutant
yeast accumulate only the early intermediates 3-hexaprenyl-4-
hydroxybenzoic acid (HHB) and 3-hexaprenyl-4-aminobenzoic acid
(HAB), produced by the prenylation of 4HB and pABA, respectively
(Fig. 1) [17]. Whereas each of the cog null mutants lacks the designated
Coq polypeptide [20], several cog mutants harboring certain amino acid
substitution mutations show a less drastic block in Q biosynthesis as
compared to coq null mutants. For example, certain cog7 point mutants
retain steady-state levels of the Coq7 polypeptide and accumulate
demethoxy-Qs (DMQg), a late-stage Q-intermediate missing just
one methoxy group [22,23]. Some of the Coq polypeptides physically
interact — biotinylated Coq3 co-purifies with Coq4 [18], and Coq9
tagged with the hemagglutinin epitope co-purifies with Coq4, Coq5,
Coq6, and Coq7 polypeptides [20]. These studies were performed with
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ch4' Coq3
COH CO;H OH OH
NH; NH; - — o o
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Fig. 1. Qs biosynthesis in S. cerevisiae proceeds from either 4HB or pABA. The classic Q biosynthetic pathway is shown in blue emanating from 4HB (4-hydroxybenzoic acid). R represents
the hexaprenyl tail presentin Qs and all intermediates. The numbering of the aromatic carbon atoms used throughout this study is shown on the reduced form of Qs, QsH.. Coql1 synthe-
sizes the hexaprenyl-diphosphate tail, which is transferred by Cog2 to 4HB to form HHB ( 3-hexaprenyl-4-hydroxybenzoic acid). Alternatively, the red pathway indicates that pABA (para-
aminobenzoic acid) is prenylated by Coq2 to form HAB (3-hexaprenyl-4-aminobenzoic acid). Both HHB and HAB are early Qs-intermediates, readily detected in each of the cog null strains
(Acog3-Acoq9). Subsequent ring modification steps are thought to occur in the sequences shown, including hydroxylation by Coq6 in concert with ferredoxin (Yah1) and ferredoxin re-
ductase (Arh1). Coq3 performs the two O-methylation steps, Cog5 the C-methylation step, and Coq7 performs the penultimate hydroxylation step. The functional roles of the Coq4, Cog8,
and Coq9 polypeptides are elaborated in this study. Cog8p over-expression (hcCOQ8) in certain Acoq strains leads to the accumulation of novel intermediates [17], suggesting these
branched pathways. For example, in the presence of hcCOQ8, cog6 or cog9 mutants accumulate 4-AP (derived from pABA), and 4-HP (derived from 4HB) [17], indicating that in some
cases decarboxylation and hydroxylauon at posmon 1 of the nng may precede the Cog6 hydroxylation step. Purple dotted arrows designate the replacement of the C4-amine with a
C4-hydroxyl and ¢ d to a proposed C4~ ination reaction, resulting in a convergence of the 4HB and pABA pathways. A putative mechanism to replace the C4-
imino group with the C4-hydroxy group is shown in purple brackets for IDMQs but could also occur on IDDMQs (not shown). Several steps defective in the Acog9 strain are designated
with red iously detected are shown in bold: 4-AP (3- hexaprenyl-4 amlnophenol) DDMQSHZ the reduced form of demethyl- demethoxy Qs DMQs,
demethoxy-Qs; DMQgH,, demethoxy-QsH; (the redun:ed form of DMQg); HHAB, 3-h ic acid; HMAB, 3-hexaprenyl-5-meth

Ints pr

nZoic

acid; 4-HP (3-hexaprenyl4-hydroxyphenol); IDMQg, (4-imino-demeth Q.;) IDMQSHZ d methoxy—Qst(the reduced form of IDMQg). Intermediates shown in parenth
indicate that they have not yet been detected: DHAP, 5-hyd 4-ami I; DHHB, 3-hexaprenyl-4,5-dihy ybenzoic acid; DHHP, 4,5-dihydroxy-hexaprenylphenol;
HMHB, 3-hexaprenyl-4-hydroxy-5-methoxyb ic adid; IDDMQEH, 4—am1m—demed1yl—demethony5Hz
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digitonin-extracts of purified mitochondria. In such extracts the O-
methyltransferase activity of Coq3 co-eluted with several of the other
Coq polypeptides as high molecular mass complexes as determined by
gel-filtration and by blue-native polyacrylamide gel electrophoresis
(BN-PAGE) [18-21]. Indeed, the ability of Coq4 to organize high molec-
ular mass complexes including Coq3 were shown to be essential for Q
biosynthesis [19].

Several lines of evidence suggest that the Coq polypeptides and
the multi-subunit Q-biosynthetic complex appear to be influenced
by phosphorylation, either directly or indirectly due to Cog8. Coq8
(originally identified as Abc1) is a member of an ancient atypical kinase
family [24]. Coq8/Abc1 homologs are required for Q biosynthesis in
E. coli |25], yeast [26,27], and humans [28,29]. There is conservation of
function as plant and human homologs of Coq8 are able to restore Q
biosynthesis in yeast cog8 mutants [30,31]. Conserved kinase motifs
present in Coq8 are essential for maintenance of Q content [28,29,31],
for the phosphorylation of Coq3, Coq5, and Coq7 polypeptides [21,31],
and the association of Coq3 with a high molecular mass Coq polypeptide
complex [21]. Collectively these studies suggest that maintenance or
assembly of the Q-biosynthetic complex and phosphorylated forms of
Coq3, Coq5, and Coq7 polypeptides depends on the presence of intact
kinase motifs present in Coq8. However, it is important to note that
kinase activity has not been demonstrated directly for yeast Cog8, or for
the Coq8 homologs in prokaryotes, plants, or animals. Thus substrates
of Coq8 have yet to be identified. In fact, there is evidence that phosphor-
ylation may negatively regulate yeast Coq7 [32]. Moreover, recent work
identified yeast Ptc7 as a mitochondrial phosphatase recognizing Coq7
and indicated that Ptc7 is required for optimal Qg content and function
[33]. Thus although it appears that kinases and phosphatase activities
modulate Qg biosynthesis and function in yeast, the role(s) played by
Coq8 remain to be determined.

The content of Coq8 profoundly influences Q biosynthesis in
S. cerevisiae. Over-expression of Coq8 was shown to restore synthesis
of DMQg in coq7 null mutant yeast [17,34], suggesting the functional
restoration of the Coq polypeptides up to this penultimate step of Q
biosynthesis. In fact over-expression of Cog8 in the cog3 and cog5 null
mutants restored steady-state levels of the Coq4, Coq6, Coq7, and
Coq9 polypeptides [17,35]. Similarly, over-expression of Coq8 in the
coq3-coq9 null mutants restored steady-state levels of the unstable
Coq polypeptides and resulted in the accumulation of late-stage
Q-intermediates [17]. For example, over-expression of Coq8 in the
cog5 null mutant led to the synthesis of a late-stage Q intermediate
diagnostic of the blocked C-methylation step (demethyl-demethoxy-Qg,
DDMQg) (Fig. 1) [17]. These results suggest a model whereby the
over-expression of Coq8 stabilizes the remaining component Coq
polypeptides, and allows the formation of high molecular mass Coq
complexes.

A growing body of evidence indicates that Q or certain poly-
isoprenylated Q-intermediates also associate with the Q-biosynthetic
complex. It was shown that DMQs co-elutes with Coq3 O-
methyltransferase activity and high molecular mass Coq polypeptide
complexes during size exclusion chromatography of digitonin extracts
of mitochondria [18]. Yeast cog7 null mutants cultured in the presence
of exogenous Qs were able to synthesize DMQg, and steady-state levels
of Coq4 polypeptides were restored, indicating that the presence of
Qs itself may stabilize the Coq polypeptide complexes [23,34]. Over-
expression of Cog8 has no effect on either the coq1 or cog2 null mutants
[17], which lack the ability to synthesize polyisoprenylated ring
intermediates. This indicates that a polyisoprenylated component
is essential for complex formation. Indeed, expression of diverse
polyprenyl-diphosphate synthases, derived from prokaryotic species
that do not synthesize Q, rescues Q synthesis in yeast cog! null mutants,
and restores steady-state levels of the sensitive Coq polypeptides,
including Coq4 and Coq6 [36]. Thus, exogenously supplied Q, or a
polyisoprenylated Q-intermediate is postulated to interact with the
complex and/or may stabilize certain of the Coq polypeptides.

Recent evidence suggests that the interaction between the Coq10
polypeptide and Q is essential for the function of Q in respiration and
for efficient de novo synthesis of Q [37-39]. Respiration in mitochondria
isolated from yeast coq10 mutants can be rescued by the addition of Q,,
a soluble analog of Q. This is considered to be a hallmark phenotype of
the yeast cog mutants unable to synthesize Qs. However, unlike the
coql-coq9 mutants, yeast coq10 mutants retain the ability to synthesize
Qs, although its synthesis as measured with stable isotope-labeled ring
precursors is less efficient [38]. The defects in Q respiratory function
and de novo synthesis in the coq10 mutant are rescued by human [37]
or Caulobacter crescentus orthologs of Coq10 [38]. Structural determina-
tion of the C. crescentus Coq10 ortholog CC1736 identified a steroidogenic
acute regulatory protein-related lipid transfer (START) domain [40]. The
START domain forms a hydrophobic binding pocket and family members
have been shown to bind sterols, phospholipids and other hydrophobic li-
gands. START domain proteins function as transporters and/or act as sen-
sors of lipid ligands that regulate lipid metabolism and signaling [41,42].
The CC1736 START domain protein binds Q;o, Qs Qs, Q> and DMQs, but
not ergosterol or a farnesylated analog of HHB [38]. Thus, the Coq10
START polypeptide binds Q, isoforms and facilitates both de novo Q bio-
synthesis and respiratory electron transport.

In this study we examine the sub-mitochondrial localization of the
yeast Coq polypeptides, and determine the effects of over-expression
of COQ8 on the high molecular mass Coq polypeptide complexes
in the coql-coq10 null mutants. The effects of Q supplementation
on Coq polypeptide steady-state levels and the accumulation of Q-
intermediates are also determined in each of the cog null mutants. The
findings suggest that over-expression of Coq8 or Qg supplementation
enhances the formation or maintenance of the Coq polypeptide
complexes and are integrated into a new model of Q-biosynthesis.

2. Materials and methods
2.1. Yeast strains and plasmids

S. cerevisiae strains used in this study are listed in Table 1. Growth
media for yeast were prepared as described [43], and included YPD
(1% yeast extract, 2% peptone, 2% dextrose), YPGal (1% yeast extract,
2% peptone, 2% galactose, 0.1% dextrose) and YPEG (1% yeast extract,

Table 1
Genotype and source of yeast strains.

Strain Genotype Source

M43 MAT « leu2-3,112 ura3-52 trp1-289 his4-580 196]

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

Rothstein®
BY4741 MAT a his3A0 leu2 A0 met15A0 ura3A0 Open
Biosystems

W303Acoql  MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 [36]
ura3-1 coql::LEU2

W303Acoq2  MAT a ade2-1 his3-1,15 leu2-3,112 ap1-1 97]
ura3-1 coq2::HIS3

€303 MAT « ade2-1 his3-1,15 leu2-3,112 ap1-1 [98]
ura3-1 cog3::LEU2

W303Acoqg4  MAT a ade2-1 his3-1,15 leu2-3,112 ap1-1 [99]
ura3-1 cog4::TRP1

W303Acoq5  MAT a ade2-1 his3-1,15 leu2-3,112 ap1-1 [45]
ura3-1 cog5::HIS3

W303Acog6  MAT a ade2-1 his3-1,15 leu2-3,112 ap1-1 [49]
ura3-1 coq6::LEU2

W303Acoq7  MAT « ade2-1 his3-1,15 leu2-3,112 ap1-1 [22]
ura3-1 coq7::LEL2

W303Acoq8  MAT a ade2-1 his3-1,15 leu2-3,112 trpl-1 [99]

ura3-1 cog8::HIS3
BY4741Ac0q9 MAT a his3A0 leu2A0 met15A0 ura3A0 cog9::KanMX4 ~ Open
Biosystems
MAT aade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq10::  [37]
HIS3

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

W303Acoq10
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2% peptone, 2% ethanol and 3% glycerol). Yeast were transformed
with lithium acetate as described [44]. Transformed yeast strains were
selected and maintained in SD-Ura (selective synthetic medium with
2% dextrose lacking uracil) [43], modified as described [45]. The
p4HN4 plasmid used in this study (hcCOQ8) contains the COQ8 gene
in pRS426, a multi-copy yeast shuttle vector [46].

2.2. Mitochondrial isolation and immunoblot analyses with JM43 yeast

Yeast were cultured in YPGal medium (30 °C, 250 rpm) to an absor-
bance (Agoo nm) Of 2-4. Preparation of spheroplasts and fractionation of
cell lysates were performed as described [47]. Crude mitochondria were
isolated and further purified over a linear Nycodenz gradient as
described previously [48]. Protein concentrations were determined
with the bicinchoninic acid assay (Thermo). Indicated amounts of
protein from the Nycodenz-purified mitochondrial fractions were
analyzed by electrophoresis (SDS-PAGE) on 12% acrylamide, 2.5 M
urea, Tris/glycine gels, then transferred to Hybond ECL Nitrocellulose
(Amersham Biosciences). Subsequent immunoblot analyses and treat-
ment of membranes for detection of antibodies were as described
[49]. Primary antibodies to yeast mitochondrial polypeptides (Table 2)
were used at the following concentrations: Coql, 1:10,000; Coq2,
1:1000; Coq3, 1:1000; Coq4, 1:2000; Coq5, 1:5000; Coq6, 1:500;
Coq7, 1:1000; affinity purified Coq8, 1:100; the beta subunit of
F1-ATPase complex (Atp2), 1:4000; cytochrome b, (Cytby) 1:5000;
cytochrome ¢ (Cytc), 1:10,000; cytochrome c¢; (Cytc, 1:2000; and
Heat shock protein 60 (Hsp60), 1:10,000. Goat anti-rabbit and goat
anti-mouse secondary antibodies conjugated to horseradish peroxidase
(Calbiochem) were each used ata 1:10,000 dilution.

2.3. Sub-mitochondrial localization of Coq2 and Coq7 polypeptides

Mitochondria from JM43 yeast (3 mg protein, 150 ) were
suspended in five volumes of hypo-osmotic buffer (20 mM HEPES-
KOH, pH 7.4), and incubated on ice for 30 min. The mixture was then
centrifuged at 18,000 x g for 20 min at 4 °C to separate the intermem-
brane space components (supernatant) from the mitoplasts (pellet),
as described [50]. Mitoplasts were then sonicated (four 20-s-pulses on
ice slurry, 20% duty cycle, 2.5 output setting; Sonifier W350, Branson
Sonic Power Co.), then centrifuged at 100,000 xg for 1 h at 4 °C

Table 2
Description and source of antibodies.
Antibody Source
Atp2 Carla. M. Koehler®
Coql 136
Coq2 [20]
Coq3 168]
Cog4 [67]
Coq5 [66]
Cog6 [49]
Coq7 [23]
Coq8 [20]
Coq9 [20]
Cytc Carla M. Koehler*
Cytb, Carla M. Koehler*
Cytc A. Tzagoloff®
Hsp60 Carla M. Koehler*
Mdh1 Lee McAlister-Henn®
Rip1 B. Trumpower”
® Dr. Carla. M. Koehler, Department of Chemistry and Bio-
chemistry, UCLA.
b Dr. A. Tzagoloff, Department of Biological Sciences, Columbia
University.

© Dr. Lee McAlister-Henn, Department of Molecular Biophysics
and Biochemistry, University of Texas Health Sciences Center, San
Antonio.

9 Dr. B. Trumpower, Department Biochemistry, Dartmouth
Medical School.
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to generate matrix (supernatant) and membrane (pellet) fractions.
Alternatively, mitoplasts were subjected to alkaline carbonate ex-
traction [51], and the mixture was then centrifuged at 100,000 x g for
1 h at 4 °C to separate the integral membrane components (pellet)
from the peripheral membrane and matrix components (supernatant).
Equal aliquots of Nycodenz-purified mitochondria, untreated mitoplasts,
pellet and supernatant fractions from either sonication or alkaline
carbonate extraction, and intermembrane space components were
subjected to SDS-PAGE analysis followed by immunoblot analyses.
Proteinase K treatment of mitochondria was performed as de-
scribed [52] with some modifications. Proteinase K was added from
a freshly made concentrated stock solution (10 mg/ml) to mitochondria
suspended in buffer C (0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.4)
(0.3 mg protein/ml) to a final concentration of 100 pg/ml. For treatment
of mitoplasts, proteinase K was prepared in the hypo-osmotic buffer
(20 mM HEPES-KOH, pH 7.4). When required, Triton-X100 or SDS
were added to final concentration (w/v) of 1% or 0.5%, respectively,
and incubated for 30 min at 4 °C. PMSF was added to inactivate the
proteinase, followed by the addition of trichloroacetic acid (TCA;
60 °C) to afinal concentration of 20%. The TCA pellets were subsequently
collected by centrifugation and resuspended in Thorner buffer [53];
equal aliquots were processed for electrophoresis as described above.

2.4. Salt-wash treatments of sonicated mitoplasts

Salt-wash treatments were performed as described previously [54]
with some modifications. Equal volumes of sonication buffer (as a no
salt control) or sonication buffer containing either KCl or NaCl were
added to sonicated mitoplasts to final concentrations of 0.5 M or
1.0 M for KCl, and 0.5 M for NaCl. The samples were incubated on ice
for 15 min, followed by centrifugation at 100,000 xg for 1 h at4 °Cto
separate the membrane associated components (pellet) from the
soluble components (supernatant). Equal aliquots of starting mitochon-
dria, unsonicated mitoplasts, intermembrane space components,
membrane pellet, and supernatant fractions from salt-wash treatments
of the sonicated mitoplasts were subjected to SDS-PAGE separation
followed by immunoblot analyses.

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

Yeast cultures were grown to an Agoo nm Of 3-4 in YPGal media, and
crude mitochondria were isolated from a total volume of 1.8 | of culture
as described above. Crude mitochondria were further purified with an
Optiprep discontinuous iodixanol gradient, and were collected from
the interface of the gradient after ultracentrifugation. Briefly, the crude
mitochondrial pellet was resuspended in 3 ml of Solution C. Solution C
was prepared by adding 2 volumes of OptiPrep (60% w/v iodixanol;
Sigma-Aldrich) to 1 volume of 0.8 M sorbitol, 60 mM HEPES-KOH,
pH 7.4. Solutions of p (density) = 1.10 and 1.16 g/ml were prepared
by mixing Solution C with Solution D (3 + 7 and 6.25 + 3.75, v/v re-
spectively). Solution D contains 0.6 M sorbitol, 20 mM HEPES-KOH,
pH 7.4. In centrifuge tubes, 3 ml of crude mitochondria suspended in
Solution C was layered at the bottom of a 14 x 89 mm Ultra-Clear
centrifuge tube (Beckman), followed by 4.5 ml of the p = 1.16 g/ml
iodixanol solution, and finally 4.5 ml of the p = 1.10 g/ml iodixanol
solution was layered on top. Tubes were subjected to centrifugation
(80,000 x g for 3 h,4 °C). The band of mitochondria was collected and
washed with 10 volumes of solution D. Purified mitochondria were
harvested by centrifugation at 12,000 x g for 10 min, 4 °C, and were
resuspended in 1 ml of solution D, and stored at —80 °C. Aliquots
of purified mitochondria (200 pg) were solubilized in 50 pl of 1.6%
digitonin, 1 x protease inhibitor EDTA-free (Roche), 1:100 phosphatase
inhibitor cocktail sets I and Il (Calbiochem), 1x NativePAGE sample
buffer (Invitrogen), and mitochondria suspension buffer (0.6 M sorbi-
tol, 20 mM HEPES-KOH, pH 7.4). Samples were incubated on ice for
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1 h with mixing by pipetting up and down every 20 min. The soluble
supernatant fraction was separated from the insoluble pellet by
centrifugation in a Beckman Airfuge (100,000 x g, 10 min, chilled rotor).

2.6. Rescue of cog mutants with exogenous Qs

Medium containing a final concentration of 10 pM Qg was pre-
pared with a 6.54 mM Qg stock in ethanol; vehicle control medium
contained an equivalent volume of added ethanol (1.5 pl/ml). Both
Qs-supplemented (+Qg) and unsupplemented (—Qg) YPD were
sterile filtered. Designated wild-type W3031B or coq null mutants
were grown in 20 ml YPD overnight and diluted to 0.1 Aggg nm iN
18 ml of (+ Qg) or (—Qg) YPD. Yeast cells were grown at 30 °C for
42 h. Cells (30 Agoo nm) Were centrifuged for lipid extraction and
145 pmol Q4 was added to each cell pellet as an internal standard
prior to lipid extraction. Yeast pellets were washed twice with distilled
water before lipid extraction. Lipid extracts were analyzed by RP-HPLC-
MS/MS [17]. Data were processed with Analyst version 1.4.2 software
(Applied Biosystems). Cells (10 Asoo nm) Were collected by centrifuga-
tion for protein extraction as described [55]. Aliquots (corresponding
to 1.3 Asoo nm) Of yeast whole cell lysates were separated by SDS-
PAGE on 10% acrylamide gels followed by immunoblot analyses as de-
scribed below.

To determine de novo synthesis of 13C-DMQs in the coq7 null
mutant strain in the presence or absence of exogenous Qg, cells were
diluted to 0.1 Aggo nm in 18 ml of Qs-supplemented (+ Qg) or un-
supplemented (—Qg) YPD. Media also contained 10 pg/ml '*C4-4HB.
Incubations proceeded for 42 h, and cell pellets were processed by
lipid extraction and RP-HPLC-MS/MS as described above.

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

Protein concentrations of purified mitochondria were determined
by the bicinchoninic acid assay (Thermo). NativePAGE 5% G-250 sample
additive (Invitrogen) was added to the supernatant from 200 pg of
digitonin-solubilized mitochondria (50 pl) to a final concentration of
0.1%. BN-PAGE was performed as described in Native PAGE user manual
with NativePAGE 4-16% Bis-Tris gel 1.0 mm x 10 wells (Invitrogen).
First dimension gel slices were soaked in 65 °C 2 x SDS sample buffer
for 10 min before loading onto pre-cast 10% SDS-polyacrylamide
gels. Proteins were transferred to Immobilon-P transfer membrane
(Millipore), and blocked in 1% skim milk, phosphate-buffered saline,
0.1% Tween-20 (phosphate buffered saline is composed of 0.14 M
NaCl, 1.2 mM NaH,P0,4, and 8.1 mM Na,HPO,). Membranes were
treated with the following primary antibodies (Table 2) at the dilu-
tion indicated: Coq4, 1:250; Coq7, 1:1000; Coq9, 1:1000; porin,
1:1000. Secondary antibodies were goat anti-rabbit IgG H&L chain
specific peroxidase conjugate (Calbiochem).

3. Results
3.1. Sub-mitochondrial localization of Coqg2 and Coq7 polypeptides

According to earlier studies [50,56], the yeast Coq2 and Coq7
proteins both reside in mitochondria. However, the sub-mitochondrial
localization of these proteins (in their untagged forms) was not deter-
mined. To determine the sub-mitochondrial localizations of Coq2 and
Coq7, yeast mitochondria were further fractionated as described
in Materials and methods. Purified mitochondria were treated with
hypotonic buffer, resulting in the disruption of the outer membrane
and subsequent release of soluble components of the intermembrane
space while keeping the inner membrane intact. Inmunoblot analyses
of the sub-mitochondrial fractions indicated that Coq2 and Coq7
polypeptides associated with the pellet (mitoplast fraction) and did
not co-localize with cytochrome b, (Cytb2), the intermembrane space
marker (Fig. 2A).
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Fig. 2. Coq2 is an integral membrane protein while Coq7 is peripherally associated to the
inner mitochondrial membrane, facing toward the matrix side. (A), Mitochondria were
subjected to a hypotonic swelling and centrifugation to i brane space
protein (IMS) and mitoplasts. The mitoplasts were treated with 0.1 M Na,CO;, pH 11.5,
or sonicated, then separated by centrifugation (100,000 xg for 1 h) into supemnatant (S)
or pellet (P) fractions. (B), Intact mitochondria or mitoplasts were treated with 100 pg/
ml Proteinase K for 30 min on ice, with or without detergent. Equal aliquots of pellet
and TCA-precipitated soluble fractions were analyzed. Mitochondrial control markers
are: Atp2, peripheral inner membrane protein; Cytb,, inter-membrane space protein;
Cytc,, integral inner membrane protein; and Hsp60, soluble matrix protein.

Mitoplasts were further fractionated either by sonication, releasing
soluble matrix components into the supernatant following high speed
centrifugation, or by extraction with alkaline carbonate, which releases
peripherally bound membrane proteins into the supernatant [57].
Sonication treatment partially dissociated Hsp60, the matrix marker
[58], however, neither Coq2 nor Coq7 was released from the mem-
brane/pellet fraction (Fig. 2A). Coq7 was released into the supernatant
by alkaline carbonate extraction in a manner similar to Atp2, a peripher-
al inner membrane protein [59], while Coq2 remained in the pellet,
along with Cytc; an integral membrane marker [60]. These results
indicated that Coq2 is an integral membrane protein while Coq7
behaves as a peripheral membrane protein.

To further characterize the membrane association of Coq2 and Coq7
proteins, purified mitochondria or mitoplasts were treated with Pro-
teinase K in the absence and presence of detergent (1% Triton X-100
or 0.5% SDS). The results (Fig. 2B) showed that Coq2, Coq7, and Hsp60
polypeptides were protected from the protease both in intact mitochon-
dria and in mitoplasts. As expected, detergent treatment of either
mitochondria or mitoplasts rendered all proteins protease-sensitive.
The results indicate that both Coq2 and Coq7 polypeptides are inner
membrane proteins facing the matrix side in yeast mitochondria.
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Fig. 3. Coq2 is resistant to salt extraction of sonicated mitoplasts while other Coq proteins
are partially disassociated from the mitochondrial inner membrane. Purified mitochondria
were subjected to hypotonic swelling to generate mitoplasts. Equal volumes of sonication
buffer with or without salt were added to sonicated mitoplasts. Samples were incubated
for 15 min on ice then separated by centrifugation (100,000 xg for 1 h) into supernatant
or pellet fractions. Equal aliquots of pellet and TCA-precipitated supernatant fractions
were analyzed.

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

The above sub-mitochondrial localization results indicated that
Coq7 is a peripheral membrane protein. However, modeling studies
have predicted Coq7 to be an interfacial inner mitochondrial membrane
protein [61,62]. Interfacial membrane proteins, such as prostaglandin
synthase [63] and squalene cyclase [64], are embedded in the
membrane via interaction with only one leaflet of the bilayer. To
distinguish between a peripheral and an interfacial membrane associa-
tion for Coq7, salt extraction analyses (with 0.5 M KCl, 1.0 M KCl, or
0.5 M NaCl) were performed on sonicated mitoplasts prepared as
described above. The resulting mixtures were subsequently separated
into supernatant and pellet (membrane associated) fractions via high-
speed centrifugation. Western blot analysis of the fractions (Fig. 3)
showed that Coq7 and each of the Coq polypeptides, except for Coq2,
were partially released from the membrane following the addition of
salt. Interestingly, the degree of dissociation of these proteins depended
on salt concentration and not on its identity per se, KCl versus NaCl In
contrast, Coq2 and the integral membrane marker, Cytc;, were resistant
to salt extraction and thus remained in the membrane fraction.
Cytochrome c, which peripherally attaches to the inner mitochondrial
membrane through electrostatic interactions with fatty acids and acidic
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phospholipids [65], was released from the sonicated mitoplasts follow-
ing salt addition, as expected. These results provide further support for
the sub-mitochondrial localization data indicating that yeast Coq7 is a
peripheral membrane protein on the matrix side as are Coql, Coq3,
Coq4, Coq5, Coqb, Coq8, and Coq9 polypeptides [20,31,36,49,66-68].

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

The co-localization of the Coq polypeptides with the mitochondrial
inner membrane is consistent with their interaction in Q-biosynthetic
complexes. The yeast Coq4 and Coq9 polypeptides co-purify with
other Coq polypeptides and both migrate at high molecular mass in
separation of digitonin extracts of mitochondria [18-21]. Thus, we
used the Coq4 and Coq9 polypeptides as sensitive indicators of the
state of the high molecular mass Coq complexes. Mitochondria from
wild type and coq null mutant yeast were purified, solubilized with
digitonin, separated by two-dimensional blue native/SDS PAGE, and
antibodies against Cog4 and Coq9 were used to detect their presence.
In digitonin extracts of wild-type mitochondria, Coq4 and Coq9
polypeptides are detected in several high molecular mass complexes
(from 669 to >880 kDa) (Fig. 4). The Coq4 and Coq9 polypeptides are
also detected at lower molecular mass (66-440 kDa), perhaps indicat-
ing their presence in partial- or distinct sub-complexes. In contrast,
Cog4 and Coq9 were not detected in digitonin extracts of mitochondria
isolated from cog3, cog4, cog5, or coq7 null mutant strains (Figs.4 and 5).
In each of the cog3-coq9 null mutant strains, the lack of one of the Coq
polypeptides is thought to destabilize the Coq polypeptide complex,
and the mutants accumulate only the early Q-intermediates HHB and
HAB, generated from the aromatic ring precursors 4HB and pABA,
respectively (Figs. 1,4 and 5). In contrast, the Coq4 and Coq9 poly-
peptides are detected at high molecular mass in the cog6 null mutant,
and the Coq4 polypeptide is detected in the coq9 null mutant (Fig. 5).
These observations are consistent with the presence of steady state
levels of these polypeptides noted previously in these two null mutants
[17]. Schematics showing possible interactions between the Coq
polypeptides are depicted in Figs. 4 and 5.

The over-expression of Coq8, a putative kinase, has dramatic effects
on the phenotypes of the cog null mutants. Over-expression of Coq8
restores steady state levels of several of the Coq polypeptides, and
enables the synthesis of late-stage Q-intermediates in several of the
coq null mutants [17]. To investigate whether over-expression of Coq8
stabilizes high molecular mass Coq polypeptide complexes, mitochon-
dria were prepared from coq null mutant yeast over-expressing Coq8,
and digitonin extracts were separated by two-dimensional blue
native/SDS PAGE. We were particularly interested in examining the
high molecular mass complexes in the cog3 and cog4 mutants, because
over-expression of Coq8 stabilizes the Coq6, Coq7, and Coq9 poly-
peptides, yet the cog3 and cog4 mutants persist in accumulating early
Q-intermediates. Over-expression of Coq8 in the cog3 mutant restored
Coq4 and Coq9 polypeptides to both high and low molecular mass
complexes (440-880 kDa and 66 kDa) (Fig. 4), yet only early-stage
intermediates HHB (with 4-HB as precursor) and HAB (with pABA as
precursor) were detected in this strain [17]. Over-expression of Coq8
in the cog4 null mutant restored the presence of the Coq9 polypeptide,
although it was detected in only a low molecular mass complex
(66 kDa) (Fig. 4); under these conditions, HHAB is detected (Fig. 1)
[17], indicating the presence of functional Coq6. These results indicate
that although over-expression of Coq8 stabilizes Coq6, Coq7 and Coq9
polypeptides in the cog4 mutant, in the absence of the Coq4 poly-
peptide, a high molecular mass complex is not observed, and HHAB is
the only novel Q-intermediate detected. Conversely, although the
over-expression of Coq8 in the cog3 mutant restores high molecular
mass complexes of Coq4 and Coq9, this does not appear to result in
production of new Q-intermediates.
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The effects of Coq8 over-expression on the native molecular mass of
the Coq4 and Coq9 polypeptides were also studied in the cog5, cog6,
coq7, and coq9 null mutants. Over-expression of Coq8 restored the
Coq4 and Coq9 polypeptides to several high and low molecular mass
complexes in the cog5 and cog6 null mutants (Fig. 5). Over-expression
of COQ8 restored the Coq4 polypeptide to a high molecular mass
complex and the Coq9 polypeptide to a low molecular mass complex
in the coq7 null yeast mutant (Fig. 5). In the cog5, coq6 and coq7 null
mutants, over-expression of Coq8 enables synthesis of late-stage Q-
intermediates: cog5 null mutant accumulates DDMQg, cog6 null
accumulates 4-HP (with 4-HB as precursor) and 4-AP (with pABA as
precursor), and coq7 null accumulates DMQg [ 17]. Coq4 steady-state
levels decrease dramatically in the cog9 null mutant, but a small amount
of Coq4 is detected near 669 kDa. Over-expression of COQ8 in the coq9
null mutant has only mild effects on Cog4 steady-state levels [17],
but Coq4 is present at a higher molecular weight (around 800 kDa)
(Fig. 5). The coq9 null mutant harboring multi-copy Coq8 accumulates
4-HP and DMQs (with 4-HB as precursor) and 4-AP and IDMQg (with
PABA as precursor) [17]. These results indicate that over-expression of
C0Q8 stabilizes Coq polypeptide complexes in several of the cog null
mutants.

34. Over-expression of COQ8 enhances Cog4 and Coq9 levels in a coq10
null mutant

Previous work showed that steady-state levels of Cog4, Coq6, Coq7,
and Coq9 polypeptides were decreased in the coq10 null mutant [20].
Although the coq10 null mutant produces Qg, the rate of de novo Qg
biosynthesis is decreased relative to that of wild-type yeast [38].
Moreover, the respiratory defect and Qg de novo biosynthesis in the
coq10 mutant is rescued by over-expression of COQ8 [37,38]. Over-
expression of COQ8 enhances steady-state levels of Coq4 and Coq9 in
the coq10 null mutant (Fig. 6A). While both Coq4 and Coq9 are detected
in high molecular mass complexes in the coql0 null mutant, over-

expression of COQ8 appears to increase the association of Coq4 with
the complex (Fig. 6B).

3.5. Qg supplementation changes steady-state levels of certain Coq
polypeptides and promotes accumulation of late-stage Q-intermediates in
certain coq null mutants

Exogenous Qs has been shown to rescue the growth of the
S. cerevisiae coq2, coq3, cog5, coq7, cog8, coq9, and coq10 null mutants
on media containing non-fermentable carbon sources [12,26,37,50,69].
We were able to rescue the growth of each of the coql-coq9 null
mutants on YPEG medium containing ethanol and glycerol as non-
fermentable carbon sources, with the addition of 2 uM Qg to the
medium (data not shown). To determine the effect of exogenous Qg
on the Coq polypeptide levels, each of the coq1-coq9 null mutants was
cultured in YPD in the presence or absence of exogenous Qg. For these
experiments YPD medium was chosen because growth of the coq null
mutants in the absence of Qg is supported by dextrose. Previous studies
indicate that both plasma membrane and mitochondrial Qs content
in coq7 null mutant (W303 genetic background) were increased
when cultured in YPD supplemented with 2 uM Qg [70]. Succinate-
cytochrome ¢ reductase activity also increased under these condi-
tions, indicating exogenous Qs restored activity in the mitochondrial
respiratory chain [70]. The YPD medium was supplemented with
10 uM Qg, because this concentration is near optimal for restoration
of growth [69]. Wild-type yeast and each of the cog null mutants in
YPD were cultured in either the presence or absence of 10 pM Qg.
The addition of Qg does not appear to affect mitochondrial protein levels
in wild-type yeast (Fig. 7). However, Qg supplementation increases
Coq9 polypeptide steady-state levels in coq3, cog4, coq6 and coq7 null
mutants and increases Coq4 in coq3, cog6 and coq7 null mutants
(Fig. 7). The most significant increases in Coq4, Coq7 and Coq9 polypep-
tide levels were observed in the cog6 null mutant supplemented with
Qs (Fig. 7). In contrast, Qs supplementation decreases steady-state
levels of Coql in cog2-coq9 null mutants. To determine whether
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supplementation with Qg affects other mitochondrial proteins, we
investigated the steady-state levels of the beta subunit of the F1 sector
of mitochondrial FiFy ATP synthase (Atp2), malate dehydrogenase
(Mdh1), and the Rieske iron-sulfur protein (Rip1) of the cytochrome
bc, complex. The addition of Qg increases steady-state levels of Atp2,
Mdh1 and Rip1 in each of the cog null mutants, suggesting that supple-
mentation with Qs may have general protective effects on mitochondria.

The effect of Qs supplementation on Q intermediates was assessed in
each of the cog null mutants. The cog3-coq9 null mutants accumulate
only early stage intermediates HHB and HAB (Fig. 1). However, DMQg
is produced in coq7 null mutants cultured in the presence of exogenous
Qg [34]. Here, we used HPLC with tandem mass spectrometry to detect
Qg intermediates in lipid extracts of cog null mutants cultured in either
the presence or absence of 10 uM exogenous Qg. We confirmed the
accumulation of DMQs in the cog7 null mutant cultured in exogenous
Qs (Fig. 8). Since exogenous Qs contains a small amount of DMQg,
BCe-4HB was used to detect de novo synthesis of '*Cs-DMQs. A very
small amount of '*Cs-DMQg was detected in cog7 null mutant labeled
with "*Ce-4HB. (We note that DMQs is detectable in cog7 null mutant
when lipid extracts are prepared from 30 Aggg nm OF more yeast and
attribute this to the high sensitivity LC-MS/MS system.) In the presence
of 10 uM exogenous Qg, '*Cs-DMQg accumulation increased significant-
ly in coq7 null mutant labeled with '*Cg-4HB. '*C¢-DMQg was identified
by its retention time of 4.56 min (the same as DMQg), and a precursor-
to-product ion transition of 567.0/173.0, consistent with the presence of
the '3Cg-ring (Fig. 8).

In addition, exogenous Qg led to an increased accumulation of 3-
hexaprenyl-4-amino-5-hydroxybenzoic acid (HHAB) in cog4 (Fig. 9A).

This intermediate has a retention time of 2.69 min and a precursor-to-
product ion transition of 562.0/166.0 detected with multiple reaction
monitoring (MRM). We have previously detected HHAB in lipid extracts
of cog4-1 mutants, harboring a point mutation [17]. Surprisingly, small-
er but readily detectable amounts of HHAB (a product of the Coq6 step)
were also detected in the cog6 mutant cultured with exogenous Qg
(Fig. 9B). In addition to HHAB, 4-AP increased significantly in the cog6
null mutant cultured with exogenous Qg (Fig. 10A). 4-AP was identified
by its retention time (2.88 min), precursor-to-product ion transition
(518.5/162.2), and fragmentation spectrum (Fig. 10B). 4-AP has been
shown to accumulate in certain cog6 point mutants [16], and in cog6
and coq9 null mutants over-expressing Coq8 [ 17]. The addition of Qg
caused the accumulation of imino-demethoxy-Qg (IDMQg) in the
coq9 null mutant (Fig. 11A). This intermediate has a retention time
of 4.9 min and a precursor-to-product ion transition of 560.5/166.1.
Its identity is further confirmed by the fragmentation spectrum
(Fig. 11B). In contrast, late-stage Q-intermediates were not detected
in the other cog null mutants. Thus only cog4, cog6, coq7 and coq9 null
mutants accumulate late-stage Q-intermediates upon the addition of
Qg. These data indicate that Qg stabilizes the Q-biosynthetic complex
and allows later Q-intermediates to accumulate.

4. Discussion

This study examined the location and organization of the yeast mito-
chondrial Q-biosynthetic complex. We found that over-expression of
Coq8, an ancient atypical putative kinase, stabilizes the high molecular
mass Coq polypeptide complex in several of the cog null mutants.
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Fig. 8. Exogenous Qg increases synthesis of demethoxy-Qs (DMQg) in cog7 null mutant.
Yeast cog7 null mutant was cultured in YPD with either 10 pg/ml *Cs-4HB and 1.5 pl eth-
anol/ml medium (no Qg addition) or 10 pg/ml '*C¢-4HB and the same volume of Qg dis-
solved in ethanol giving a final concentration of 10 uM Qg ( +Qg) for 42 h. Yeast cells
(30 Aspo nm) Were collected as pellets and washed twice with distilled water. Q4
(145.4 pmol) was added as internal standard. Lipid extracts were prepared from the pel-
lets and analyzed by RP-HPLC-MS/MS. Multiple reaction monitoring (MRM) detected
precursor-to-product ion transitions 567.0/173.0 ("3C4-DMQs). The green trace designates
the *Ce-DMQs signal in the + Qs condition, and the blue trace indicates the '*Cs-DMQs
signal in the absence of added Qs. The peak areas of '*Cs-DMQs normalized by peak
areas of Q4 are 0.0665 in cog7A +'*Ce-4HB and 0.215 in cog7A + Qs +'>Cs-4HB.

Supplementation of growth medium with exogenous Qg restored
steady-state levels of Coq polypeptides and enhanced the production
of late-stage Q-intermediates in certain cog null mutants. Based on
the observed interdependence of the Coq polypeptides, the effect of
exogenous Qg, and the requirement for an endogenously produced
polyisoprenyl intermediate (summarized in Table 3), we propose a
new model for the CoQ-synthome, a Coq multi-subunit polypeptide
and lipid complex required for the biosynthesis of Q in yeast (Fig. 12).

The Cog4 and Coq9 polypeptides were used as sensitive indicator
polypeptides to monitor the state of high molecular mass Coq polypep-
tide complexes in digitonin extracts of mitochondria, as assayed by two-
dimensional blue native/SDS PAGE. The over-expression of Cog8 in the
coq null mutants was found to profoundly affect the association of Coq4
and Coq9 in high molecular mass complexes. The Coq4 polypeptide
persists at high molecular mass with the over-expression of Coq8 in
the coq3, coq5, coq6, coq7, and coq9 null mutants (Figs. 4 and 5). This
finding indicates that deletion of any of these Coq polypeptide compo-
nents has little impact on the association of Coq4 with a high molecular
mass Coq complex. The Coq9 polypeptide persists at high molecular
mass with the over-expression of Cog8 in the cog3, cog5 and cog6 null
mutants, but is present only at low molecular mass in the cog4 and
coq7 null mutants upon Coq8 over-expression (Fig. 5). Hence, we
propose that Cog4 may be a crucial component through which Coq3,
Coq5, Coq6, Coq7, and Coq9 associate to form the CoQ-synthome.
Coq7 is an important component through which Coq9 associates with
Coq4.

Based on these findings our model depicts Coq4 as a central organizer,
and the Coq3, Coq5 and Coq6 polypeptides as more peripheral members
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of the CoQ-synthome (Fig. 12). In this model Coq4 is depicted as a
homodimer, with each monomer harboring a binding site for the
polyisoprenyl-tail of Qg or a polyisoprenyl-intermediate. This is
based on the structure determined for Alr8543, a Coq4 homolog
from Nostoc sp. PCC7120, and the molecular modeling of the highly
similarS. cerevisiae Coq4 [ 71]. Each monomer of the Alr8543 homodimer
co-crystalized with a geranylgeranyl monophosphate, and Reaetal. [71]
proposed that yeast Coq4 may similarly bind to the polyisopreny! tail
of HHB (or HAB), consistent with the idea that Coq4 forms a scaffold
organizing the Coq polypeptide complex [ 19], facilitating the action of
the Coq6 hydroxylase, the Coq3 and Cog5 methyltransferases, and the
Coq7 hydroxylase. The model is also consistent with the hypothetical
branched biosynthetic scheme of Q biosynthesis (Fig. 1). For example,
in the presence of hcCOQ8, cog6 or coq9 mutants accumulate 4-AP (de-
rived from pABA), and 4-HP (derived from 4HB) [17], indicating that in
some cases decarboxylation and hydroxylation at position 1 of the ring
(catalyzed by yet to be identified enzymes) might precede the Coq6
hydroxylation step.

The CoQ-synthome represents a minimal schematic model because
the total predicted mass based on the sum of the component Coq
polypeptides is only 230-240 kDa [31] (Fig. 12); this is well below the
1 MDassize of the complex estimated from blue-native gels. The stoichi-
ometry of the Coq polypeptides in the complex is not known and it is
likely that additional components remain to be identified. The model
is consistent with the peripheral association of each of the Coq polypep-
tides to the matrix side of the mitochondrial inner membrane, with the
exception of Coq2 (Figs. 2 and 3). In addition to interaction with Cog4, it
is possible that the association of Coq polypeptides with the inner mito-
chondrial membrane may derive from interactions with Qg and/or a
polyisoprenyl-intermediate. So far, Coq2 is the only integral membrane
protein of the Q-biosynthetic proteins. Previous models suggested that
Coq2 might serve as an ideal anchor-protein candidate for the Coq
complex [12], and blue native/SDS PAGE indicated Coq2 migrated at
high molecular mass [21]. However, co-precipitation experiments
have so far failed to identify any physical interactions between Coq2
and the other Coq polypeptides (data not shown). Based on this,
Fig. 12 shows Coql and Coq2 independently generate HHB or HAB,
early Q-intermediates that accumulate in each of the cog3-coq9 null
mutants.

Studies in S. cerevisiae and Schizosaccharomyces pombe have set the
stage for understanding Q biosynthesis in animals; many human and
mouse COQ homologs have been shown to rescue the corresponding
yeast coq mutants [14,72]. Expression of human COQ4 has been
shown to rescue the S. cerevisiae cog4 null mutant [73], suggesting
that human COQ4 might maintain interactions with yeast Coq poly-
peptides. However, certain animal Q biosynthetic proteins require
specific partner proteins to observe cross complementation of the
yeast mutant. For example, Pdss1 and Pdss2 (Coql homologs) from
S. pombe, mouse, and human form heterotetrameric complexes, and
must be co-expressed to reconstitute synthesis of the polyisoprene-
diphosphate tail [74,75]. Human COQ9 has not yet demonstrated
interspecific complementation of the yeast cog9 mutants [76]; this
might be due to interactions of Coq9 with Coq7. Similar to yeast,
the function of Coq7 in mouse requires Coq9. A homozygous Coq9**
mouse, containing a Coq9-R239X stop codon mutation, displayed a
severe reduction of Qg content, accumulated DMQs, and showed a
profound decrease in steady state Coq7 polypeptide levels [77]. The
Coq9*™ mouse model was patterned after human patients with Q defi-
ciency and mitochondrial encephalomyopathy [76]. The recapitulation
of the human disease in the Coq9** mouse model suggests that COQ7
hydroxylation of DMQ requires COQ9 in mice and humans. Other inter-
actions between human COQ polypeptides have been reported recently.
ADCK4 (a human homolog of yeast Coq8) was shown to interact with
COQ6 and COQ7 polypeptides in podocyte cell cultures [78]. Although
we have not detected Coq8 in direct association with any of the yeast
Coq polypeptides, it is tempting to speculate that human ADCK4 may
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Fig. 9. Exogenous Qs increases the accumulation of 3-hexaprenyl-4 5-hydroxyb ic acid (HHAB) in cog4 and cog6 null mutants. Yeast cog4 and cog6 null mutants were cultured

in YPD with either 1.5 ul ethanol/ml medium (no Qs addmon) or the same volume of Qg dissolved in ethanol giving a final concentration of 10 uM Qs (+Qs) for 42 h. Yeast cells (30
Asoo nm) Were collected as pellets and washed twice with distilled water. Q; (145.4 pmol) was added as internal standard. Lipid extracts were prepared from the pellets and analyzed
by RP-HPLC-MS/MS. Multiple reaction monitoring (MRM) detected precursor-to-product ion transitions 562.0/166.0 (HHAB) and 455.4/197.0 (Q4). The arbitrary units (cps) and the
scale is the same for all the traces within the same panel. In panels A and B, green traces designate the HHAB signal in the + Qg condition, and purple traces the HHAB signal in the absence
of added Qs. The peak areas of HHAB normalized by peak areas of Q4 are 0.01 in cog4A (A), 0.14in cog4A + Qs (A), 0.003 in cog6A (B), and 0.03 in cog6A + Qg (B). The retention times of

HHAB are 2.69 min in cog4A + Qg (A), and 2.71 min in cog6A + Qg (B).

recognize COQ6 and COQ7 as potential substrates for phosphorylation.
Interestingly, while expression of ADCK4 failed to rescue the yeast
coq8 mutant [78], expression of human ADCK3 did rescue the cog8 mu-
tant, partially restore Qg content as well as phosphorylated forms of
yeast Coq3, Coq5, and Coq7 [31].

We investigated the effects of Coq8 over-expression on the Coq4 and
Coq9 polypeptides in the coq10 null mutant. Over-expression of Cog8 in
the coq10 null mutant increases steady-state levels of the Coq4 and
Coq9 polypeptides and their association with the high molecular mass
Coq complexes (Fig. 6). In the coq10 null mutant the rate of Q biosynthe-
sis is reduced but may be significantly increased by Coq8 over-
expression, or by the expression of a START domain ortholog of Coq10
|38]. These findings are consistent with the model that the Coq10:Q
polypeptide ligand complex functions as a chaperone of Q and that
Q delivery to the CoQ-synthome is necessary for efficient de novo Q
biosynthesis (Fig. 12), and/or for delivery of Q to the N-site of the bcy
complex [38,79]. It is tempting to speculate that Coq10 may function
to chaperone the “inactive” pool of Q (depicted as residing at the
midplane of the bilayer [80,81]) to form an “active” pool of Q, consistent
with a dedicated subset of Q molecules performing electron transport
within the respirasomes [82,83].

Results presented here show that exogenous Qg restores the growth
of any of the cogl-coq10 null mutant yeast in medium containing a
nonfermentable carbon source. This effect of supplementation with
exogenous Qg is known to require uptake; Qg binds to soluble proteins
derived from peptone in the growth medium and is taken up by cells
and transported to mitochondria via an endocytic pathway [84]. James
et al. [85] identified 16 yeast ORFs required for utilization of exogenous
Qa4 in a yeast double knockout library (AORFAcoq2). We determined
the steady-state levels of the Cog4, Coq7, and Coq9 polypeptides as

indicators of the CoQ-synthome, and scanned for Qg-intermediates by
HPLC tandem mass spectrometry. Upon the addition of Qg, the cog3,
coq4, coq6, coq7 and coq9 null mutants accumulate distinct hexaprenyl
Q-intermediates and/or show increased steady-state levels of one or
more of the indicator Coq polypeptides (Figs. 8-11 and Table 3). These
findings confirm and extend previous studies showing that addition of
exogenous Qg restored de novo synthesis of DMQg and increased
steady-state levels of the Coq4 polypeptide in a cog7 null mutant
[23,34]. These results indicate that Qg itself may interact with certain
Coq polypeptides and enhance formation of later Q-intermediates.
Surprisingly, HHAB (a product of the Coq6 step) was detected in the
coq6 mutant cultured with exogenous Qg (Fig. 9B). It is possible that
the presence of Qg facilitates the function of another hydroxylase;
such a scenario has been reported for hydroxylases in E. coli Qg bio-
synthesis [86]. However, HHAB as identified in Fig. 9, may actually
have the hydroxyl substituent located in another position on the ring.
Determination of this will require purification of the intermediate and
structural characterization.

In contrast, addition of exogenous Qs had no discernable effect on
the Coq4, Coq7, or Coq9 indicator polypeptides or late-stage Q-
intermediates in the coq1, cog2, cog5 or cog8 null mutants (Fig. 7 and
Table 3). The steady-state levels of Coql, Coq2, and Coq5 polypeptides
are not affected by deletions in any of the other COQ genes [20]. While
Coq8 over-expression in the coq! or cog2 null mutants has little effect,
Coq8 over-expression in the cog5 null mutant allows production of
DDMQg, and enhances steady-state levels of the Cog4, Coq6, Coq9 and
Coq7 polypeptides [17]. Because Coq5 physically interacts with the
other core-Coq polypeptides, yet the stabilizing effect of exogenous Qg
on the other Coq polypeptides is not observed in the cog5 null mutant,
the Coq5 polypeptide is required for the interaction of Qg with CoQ-
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Table 3
Summary of the effect of over-expressing Coq8 or ation with Qs.
Strains No treatment +hcCOQ8 +10uM Qs
Polypeptides Intermedi. Poly] i Intermediates from: Polypeptides Intermediates from:
from:
Cog4  Coq7 Coq9 4HB  pABA  Cogd4  Coq7  Coqd  4HB DABA Cog4  Coq7  Coq9  4HB PABA
WT + + - Qs Qs NA N/A N/A N/A N/A + + + Qs Qs
CogqlA - - - - - - - - - - - - - - -
Coq2A - - - - - - - - - - = - = - -
Cog3A - - - HHB HAB + + + HHB HAB + - + HHB HAB
Cog4A - - - HHB HAB - + + HHB HHAB - - + HHB HHAB
Cog5A - - - HHB HAB + + + DDMQs DDMQs - - - HHB HAB
CogbA = = = HHB HAB + + + 4-HP 4-AP + + + HHB HHAB, 4-AP
Cog7A - - - HHB  HAB + - + DMQs DMQs + - + DMQs DMQs
Cog8A = = - HHB HAB + + + Qs Qs - - - HHB HAB
Cog9A - = - HHB  HAB + + - DMQs IDMQs - - - N/A IDMQs

synthome (Fig. 12). On the other hand, there is no evidence that
the Coq1 or Coq2 polypeptides are physically associated with the CoQ-
synthome. In fact steady-state levels of indicator Coq polypeptides
in the coql null mutant are restored by expression of diverse
polyisoprenyl-diphosphate synthases, including those from species
that do not produce Q and hence would not be expected to interact
with Coq polypeptides in yeast [36]. These findings support the inter-
pretation that the stabilizing effects of exogenously added Qg or over-
expression of Coq8 must depend on the synthesis of an endogenously
produced polyisoprenyl-intermediate, such as HHB or HAB (Fig. 12).

In this study, steady-state levels of Coq1 are decreased upon supple-
mentation of the cog null mutants with exogenous Qg. It is tempting to
speculate that Coq1 may play a regulatory step in the pathway where
increases in Qg lead to a decrease in Coq1 polypeptide levels. This effect
is not observed in wild type perhaps because supplementation with
exogenous Qs does not have a significant impact on mitochondrial Qs
content in wild-type yeast [70]. In contrast supplementation with
exogenous Qg dramatically increases mitochondrial content of Qg in
the cog null mutants, provided steps of endocytosis required for Qg
uptake and trafficking to mitochondria are retained [70,84].

Dietary supplementation with Q;o can be an effective treatment for
patients with partial defects in Q biosynthesis [87,88], and also shows
benefit in mouse and C. elegans models of Q deficiency [89-92], and in
cell culture models of mitochondrial diseases [93,94]. In this study we
found that inclusion of exogenous Qg in the growth medium increased
steady-state levels of mitochondrial polypeptides involved in respirato-
ry electron transport and the citric acid cycle, including Rip1 (a subunit

(n-1) PPO,

+ PPO

Y

seeeeeees

of complex III), Atp2 (a subunit of F; of complex V), and Mdh1, malate
dehydrogenase. Previous studies indicated that supplemented Qs in
coq7 null mutant yeast restored steady-state levels of Atp2, cyto-
chromes c and ¢y, as well as porin, a mitochondrial outer membrane
protein [95]. Exogenously supplied Q is converted to QH; by the respira-
tory chain, and QH, would exert its well known antioxidant effect on
the mitochondrial membrane compartment and associated proteins
[6]. Endogenous (hydroquinone) Q-intermediates formed after over-
expression of Coq8 might also act as antioxidants. It is also possible
that exogenous Q restored mitochondrial protein levels by increasing
the content of mitochondria in cog null mutants. Q deficiencies may re-
sult from mitochondrial mutations affecting other processes; this is con-
sistent with the observed effects of Q deficiency on mitophagy, and the
inhibition of mitophagy by Q supplementation [93,94]. The findings
presented here suggest that Q supplementation may correct defects in
mitochondrial function through its beneficial effects in stabilizing the
CoQ-synthome and de novo biosynthesis of Q, as well as contributing
to enhanced respiratory electron transport and mitochondrial
metabolism.
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