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Abstract Coenzyme Q (CoQ or ubiquinone) serves as an
essential redox-active lipid in respiratory electron and pro-
ton transport during cellular energy metabolism. CoQ also
functions as a membrane-localized antioxidant protecting
cells against lipid peroxidation. CoQ deficiency is associated
with multiple human diseases; CoQ,, supplementation in
particular has noted cardioprotective benefits. In Saccharo-
myces cerevisiae, Coql0, a putative START domain protein, is
believed to chaperone CoQ to sites where it functions. Yeast
coql0 deletion mutants (coql0A) synthesize CoQ ineffi-
ciently during log phase growth and are respiratory defective
and sensitive to oxidative stress. Humans have two orthologs
of yeast COQ10, COQI10A and COQI10B. Here, we tested the
human co-orthologs for their ability to rescue the yeast mu-
tant. We showed that expression of either human ortholog,
COQ10A or COQ10B, rescues yeast coqgl 0A mutant pheno-
types, restoring the function of respiratory-dependent
growth on a nonfermentable carbon source and sensitivity
to oxidative stress induced by treatment with PUFAs. These
effects indicate a strong functional conservation of Coql0
across different organisms. However, neither COQ10A nor
COQ10B restored CoQ biosynthesis when expressed in the
yeast coql0A mutant. The involvement of yeast Coql0 in
CoQ biosynthesis may rely on its interactions with another
protein, possibly Coqll, which is not found in humans.Hi
Coexpression analyses of yeast COQI0 and human COQ10A
and COQIOB provide additional insights to functions of
these START domain proteins and their potential roles in
other biologic pathways.—Tsui, H. S., N. V. B. Pham, B. R.
Amer, M. C. Bradley, J. E. Gosschalk, M. Gallagher-Jones, H.
Ibarra, R. T. Clubb, C. E. Blaby-Haas, and C. F. Clarke.
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Coenzyme Q (CoQ) is a lipid composed of a fully substi-
tuted redox-active benzoquinone ring attached to a long
polyisoprenoid chain. The polyisoprenoid chain of CoQ,,
with n = 6 isoprene units, anchors CoQ) at the mid-plane of
the membrane phospholipid bilayers. The reversible reduc-
tion and oxidation of CoQ and CoQH, enables the transport
of electrons and protons necessary for cellular respiration.
CoQ also serves as an important electron acceptor for en-
zymes involved in fatty acid B-oxidation, oxidation of proline
and sulfide, and pyrimidine biosynthesis (1-3). The re-
duced or hydroquinone form of CoQH, serves as a chain-
terminating antioxidant that slows lipid peroxidation (2).

Although CoQ) exists in most biological membranes, its
synthesis occurs exclusively inside the mitochondria in
eukaryotes, or in the cytosol in Escherichia coli, catalyzed by a
cohort of enzymes, many of which are organized in a com-
plex known as the CoQ) synthome (also known as complex
Q) in eukaryotes, or the Ubi metabolon in FE. coli (4-6). In
Saccharomyces cerevisiae, currently known members of the
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specific isoform of CoQ,, where n designates the number of isoprene
units in the tail of CoQ,,, e.g., CoQj in Saccharomyces cerevisiae or CoQq
in humans); DMQzH,, demethoxy-QsHy; DMQs, demethoxy-coenzyme
Qs ERMES, ER-mitochondria encounter structure; HAB, 4-amino-
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CoQ synthome consist of Coq3-Coq9 and Coqll (4, 5).
Together, they modify the quinone head group through a
series of methylation (Coq3 and Coqb), deamination (Coqb,
Coq9), and hydroxylation (Coq6, Coq7, Coq9) reactions
(4, 5). The definitive functions of the remaining members of
the CoQ synthome (Coq4, Coq8, and Coqll) are yet to be
fully characterized. Attachment of the polyisoprenoid chain
to the aromatic ring precursor precedes the ring modifica-
tion steps. Coql, a hexaprenyl pyrophosphate synthetase,
condenses farnesyl pyrophosphate with three molecules of
isopentenyl pyrophosphate to form hexaprenyldiphosphate,
which is transferred to the 4-hydroxybenzoic acid (4HB) or
paraaminobenzoic acid (pABA) ring at the C3 position by
Coq2 (4,5). The number of isoprene units (n) in the polyiso-
prenoid chain of CoQ), varies between organisms, as deter-
mined by the specific polyprenyl diphosphate synthase (7),
and consists of six isoprene units in S. cerevisiae (CoQ)), eight
isoprene units in E. coli (CoQg), and predominantly ten
isoprene units in Schizosaccharomyces pombe and humans
(CoQyp) (8). Each of the yeast coglA—cog9A mutants shows
complete abolishment of CoQy biosynthesis and fails to re-
spire (5). Their defects in respiration can be readily re-
stored by exogenous supplementation with CoQy (5).

The cogl0A mutant is unusual among the yeast cog mutants
because it produces wild-type content of CoQj at stationary
phase, yet its de novo synthesis of CoQj during log phase
is inefficient (9, 10). Despite having normal or nearly nor-
mal steady state levels of CoQ, the cogl0A mutant displays a
respiratory-deficient phenotype shown by anemic growth
on medium containing a nonfermentable carbon source
and decreased NADH and succinate oxidase activities (10).
In addition, the cogl0A mutant is sensitive to lipid peroxida-
tion induced by exogenously added PUFAs (9). Thus, the
CoQ); present in the cogl0A mutant is not utilized efficiently
for either respiration or for its function as an antioxidant.

The NMR structure of CC1736, a Coql0 ortholog in
Caulobacter crescentus, identified it as a member of the steroido-
genic acute regulatory protein-related lipid transfer (START)
domain superfamily (11). This family includes proteins
that bind polycyclic compounds, such as cholesterol and
polyketides, in a signature hydrophobic cavity (11). The
START domain typically spans ~210 residues (12) and folds
into a helix-grip structure consisting of antiparallel B-sheets
flanked by one a-helix on each side (13). START domain-
containing proteins are primarily involved in nonvesicular
transport of lipids between membranes (14). For instance,
STARD4 is a START domain protein that binds and trans-
ports cholesterol from the plasma membrane to mitochon-
dria, the ER, and the endocytic recycling compartment,
equilibrating cholesterol content among cellular mem-
branes to fit their biophysical properties and physiological
needs (15). Purified CC1736 binds to CoQ,, with variable
polyisoprenoid chain lengths and to the farnesylated ana-
log of a late-stage CoQ intermediate, demethoxy-CoQjs
(DMQs) (9). CoqlO polypeptides isolated from S. cerevisiae
and S. pombe copurify with CoQg and CoQ)j, respectively
(10, 16). Similarly, CoQg copurifies with the S. pombe
Coq10 polypeptide expressed in E. coli (16). These obser-
vations have led to the current hypothesis that the Coql0
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polypeptide is a putative CoQ, chaperone, necessary for
delivering CoQ) from its site of synthesis and/or the pool of
free CoQ to sites of function.

Complex III inhibitors, antimycin A and myxothiazol,
enhance reactive oxygen species (ROS) formation by
blocking oxidation of cytochrome by at the N-site or inhib-
iting reduction of cytochrome & at the P-site, respectively
(17-19). Thereby, antimycin A induces ROS through re-
verse electron flow from cytochrome 4 to CoQ to form the
semiquinone radical (20), whereas myxothiazol-dependent
ROS production results from incomplete CoQH, oxida-
tion by slow reduction of the Rieske iron-sulfur protein
(18, 19). Mitochondria isolated from yeast coql A produce
significantly elevated ROS in the presence of antimycin A,
but not myxothiazol, suggesting that in the absence of the
Coql0 polypeptide, electron transfer from CoQH, to the
Rieske iron-sulfur protein is defective (20). This specific
requirement for the presence of the Coql0 START domain
polypeptide for functional electron transfer by complex III
is further substantiated by the binding of both oxidized
and reduced forms of a photo-reactive azido-quinone
probe to the Coql0 polypeptide (21).

CoQ deficiencies are associated with human disease and
the beneficial effects of CoQ);, supplementation in therapeu-
tic regimens are increasingly appreciated (1, 4). Mutations in
several genes encoding CoQ) biosynthetic enzymes result in
primary CoQ deficiency and cause encephalopathy, cerebel-
lar ataxia, cardiomyopathy, nephrotic syndrome, and
myopathy (1, 4). CoQ deficiency can also occur secondary to
mutations in aprataxin, electron transfer flavoprotein dehy-
drogenase, or serine/threonine-protein kinase B-Raf (3).
CoQ)y supplementation rescues the proteinuria in patients
with nephrotic syndrome, provided that therapy is initiated
early (22). Patients who develop myalgia under statin admin-
istration are often prompted to take CoQ);, supplements to
mitigate adverse symptoms (23). Long term CoQ);, treatment
has also been shown to improve symptoms and reduce major
adverse cardiovascular events when it is used as adjunctive
treatment in patients with chronic heart failure (24, 25).

Yeast is a superb model organism in which to study CoQ
biosynthesis because many of the enzymes involved in CoQ
biosynthesis are functionally conserved from yeast to humans
(4, 5). In this work, we test the human co-orthologs of yeast
Coql0, COQI10A and COQI10B, for their ability to comple-
ment the yeast cogl0A mutant. We show that expression of
human COQ10A or COQ10B rescues yeast coql OA-defective
respiration and its sensitivity to oxidative stress, and restores
steady-state levels of Coq polypeptides. However, neither
COQI0A nor COQI10B expression is able to stabilize the
yeast CoQ) synthome or rescue the partial defect in de novo
CoQ)s biosynthesis characteristic of the yeast cogl0A mutant.

MATERIALS AND METHODS

Yeast strains and growth media

S. cerevisiae strains used in this study are described in Table 1.
Growth media for yeast included YPD (1% Bacto yeast extract, 2%
Bacto peptone, 2% dextrose), YPG (1% Bacto yeast extract, 2%



TABLE 1.

Genotype and source of yeast strains

Strain Genotype” Source
W303 1B MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 R. Rothstein”
W303 cogIA MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 wra3-1 coql::LEU2 (99)
CC303 MAT o, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl1-1 ura3-1 coq3::LEU2 (100)
W303 cog4A MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 coq4::TRP1 (101)
W303 cog5A MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 cog>::HIS3 (27)
W303 coq6A MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 wra3-1 coq6::LEU2 (102)
W303 coq7A MAT o, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 coq7::LEU2 (103)
W303 cogSA MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 wra3-1 coq8::HIS3 (101)
W303 coqg9A MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 coq9::URA3 (104)

W303 coql0A
W303 coql 1A

MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 wra3-1 coql0::HIS3 (10)
MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 wra3-1 coql1::HIS3

This study

“Mating type a (MAT a) is in bold to distinguish it from mating type o (MAT ).
"Dr. Rodney Rothstein, Department of Human Genetics, Columbia University, New York, NY.

Bacto peptone, 3% glycerol), and YPGal (1% Bacto yeast extract,
2% Bacto peptone, 2% galactose, 0.1% dextrose) (26). Synthetic
dextrose/minimal-complete (SD-Complete) and synthetic dex-
trose/minimal minus uracil (SD-Ura) [0.18% Difco yeast nitro-
gen base without amino acids and ammonium sulfate, 0.5%
(NH,),SO,, 0.14% NaH,PO,, 2% dextrose, complete amino acid
supplement, or amino acid supplement lacking uracil] were pre-
pared as described (27). Solid media contained an additional 2%
Bacto agar.

Construction of single- and multi-copy yeast expression
vectors of human COQ10A and COQ10B

Plasmids used in this study are listed in Table 2. Generation of
single-copy (pQM) and multi-copy (pRCM) yeast expression vec-
tors was previously described (9, 28). Both pQOM and pRCM con-
tain the yeast CYCI promoter and the first 35 residues of the yeast
COQ3 OREF, corresponding to the proposed Coq3 mitochondrial
leader sequence to direct import of human proteins into yeast
mitochondria. To generate the single- and multi-copy yeast ex-
pression vectors of human COQI0A, the human COQI0A ORF
(mRNA #1, Fig. 1A), encoding residues 44-247, was PCR amplified
from pHCOQ10/ST1 (10) with primers 5-ggccATCGATATGAG-
GTTTCTGACCTCCTGC-3" and 5"-ggccGGTACCTCAAGTCTG-
GTGCACCTC-3, and cloned into pQM and pRCM vectors using
the restriction enzymes, Clal and Kpnl (New England BioLabs), to
generate pOM COQI10A and pRCM COQI10A, respectively. Simi-
larly, full-length human COQ10B ORF (mRNA #1, Fig. 1A), encod-
ing residues 1-238, was PCR amplified from COQ10B cDNA clone
(GeneCopoeia) with primers 5-ggccATCGATATGGCAGCTC-
GGACTGGTCAT-3" and 5"-ggccGGTACCTTATGTGTGATG-
GACTTCATGAAGCATTAACTCC-3" to generate pQM COQ10B
and pRCM COQI10B.

Complementation of yeast cogl0A by human COQ10A
and COQ10B

Each of the following plasmids, pOM (empty vector), pQOM
COQI0A, pOM COQ10B, pRCM (empty vector), pPRCM COQ10A,
and pRCM COQI10B, was transformed into wild-type W303 or
coql0A, and the transformed cells were selected on SD-Ura plates

TABLE 2. Yeast expression vectors

Plasmid Relevant Genes/Markers Source
pQM PAHO1 with COQ3 mito leader, single-copy ~ (28)
pPQM COQI0A  pQOM with human COQ10A4; single-copy This work
pQM COQI10B  pOM with human COQ10B; single-copy This work
pRCM pCHI with COQ3 mito leader; multi-copy 9)
PRCM COQI10A pRCM with human COQ10A; multi-copy This work
pRCM COQI10B pRCM with human COQ10B; multi-copy ~ This work

Human COQ10A and COQ10B are required for CoQ function

as described (29). A single colony from each SD-Ura plate was in-
oculated in SD-Ura liquid medium. Wild-type W303 and coql0A
were each inoculated in SD-Complete liquid medium. Cultures
were incubated overnight at 30°C 250 rpm. The overnight cultures
were diluted to 0.2 ODyg,,/ml with sterile water, from which a series
of 5-fold dilutions were prepared. An aliquot of 2 ul of sample
from the dilution series was plated onto YPD and YPG plate me-
dium and incubated at 30°C. Pictures were taken after 3—4 days.

Fatty acid sensitivity assay

A fatty acid sensitivity assay was performed as described (30, 31)
with slight modifications. Briefly, yeast W303 wild-type, corlA, cog94,
and coql0A were inoculated in SD-Complete liquid medium, and
coql0As harboring the designated plasmids were inoculated in
SD-Ura liquid medium and incubated overnight at 30°C 250 rpm.
Overnight cultures were back diluted to 0.2 ODgyy/ml with fresh
SD-Complete or SD-Ura liquid medium and incubated for 6 h at
30°C 250 rpm to logarithmic phase. The cells were harvested,
washed twice with sterile water, and suspended in 0.1 M phosphate
buffer with 0.2% dextrose (pH 6.2) to a cell density of 0.2 ODg,/ml.
To test yeast sensitivity to PUFA-induced oxidative stress, ethanol-
diluted oleic acid (Nu-Chek Prep) or o-linolenic acid (Nu-Check
Prep) was added to aliquots of 5 ml cell suspension in phosphate
buffer with 0.2% dextrose to a final concentration of 200 uM. Iden-
tical 5 ml cell suspensions were prepared with 0.1% (v/v) ethanol
as a vehicle control. After a 4 h incubation at 30°C 250 rpm, cell
viability was assessed with plate dilution assay by spotting 2 ul of
sample from a series of 5-fold dilution onto YPD plates. Cell viability
was also ascertained before addition of fatty acids, and labeled as 0 h.

Mitochondria isolation from yeast cogl0A expressing
human COQ10A or COQ10B

Precultures of yeast cogl0A transformed with pQM COQI10A,
pQM COQ10B, pRCM COQ10A, or pRCM COQ10B in YPD were
back diluted with YPGal and grown overnight at 30°C 250 rpm
until the cell density had reached ~3.0 ODg,/ml. Preparation of
spheroplasts with Zymolyase-20T (MP Biomedicals) and extrac-
tion of mitochondria in the presence of Complete EDTA-free pro-
tease inhibitor mixture (Roche), phosphatase inhibitor cocktail
set IT (EMD Millipore), and phosphatase inhibitor cocktail set 3
(Sigma-Aldrich) over Nycodenz (Sigma-Aldrich) density gradient
were previously described (32). Purified mitochondria were flash-
frozen in liquid nitrogen and stored at —80°C until use.

Immunoblot analysis of steady state Coq polypeptide
levels

Protein concentration in gradient-purified mitochondria was
measured by the BCA assay (Thermo Fisher Scientific). Purified mi-
tochondria were resuspended in SDS sample buffer [50 mM Tris
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(pH 6.8), 10% glycerol, 2% SDS, 0.1% bromophenol blue, and
1.33% B-mercaptoethanol], and an aliquot of 25 pg of mitochon-
drial protein from each sample was loaded in individual lanes and
separated by SDS gel electrophoresis on 12% Tris-glycine polyacryl-
amide gels. Proteins were subsequently transferred to 0.45 pm nitro-
cellulose membrane (Bio-Rad) and blocked with blocking buffer
(0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered
saline). Representative Coq polypeptides and mitochondrial malate
dehydrogenase Mdh1 (loading control) were detected with rabbit
polyclonal antibodies prepared in blocking buffer at the dilutions
listed in Table 3. Polyclonal antibodies against human COQI10A
(Proteintech) and COQ10B (Abcam) were commercially obtained
and used at dilutions recommended by the companies. The second-
ary IRDye 680LT goat anti-rabbit IgG antibody (LiCOR) was used at
1:10,000 dilution in the same blocking buffer. Immunoblot images
were visualized with a LiCOR Odyssey infrared scanner (LiCOR),
and relative protein levels were quantified by band densitometry us-
ing Image] software (https://imagej.nih.gov/ij/).

Analysis of high molecular weight complexes with two-
dimensional Blue Native/SDS-PAGE

Two-dimensional Blue Native/SDS-PAGE (BN/SDS-PAGE) was
performed as described (33-35). Purified mitochondria at 4 mg/ml
were solubilized for 1 h in ice-cold solubilization buffer [11 mM
HEPES (pH 7.4), 0.33 M sorbitol, 1x NativePAGE sample buffer
(Thermo Fisher Scientific), 16 mg/ml digitonin (Biosynth)] in the
presence of the previously described mixtures of protease and phos-
phatase inhibitors. After centrifugation (100,000 g, 10 min), the pro-
tein concentration in the soluble fraction was measured by BCA
assay, and NativePAGE 5% G-250 sample additive (Thermo Fisher
Scientific) was added to the soluble fraction to a final concentration
of 0.25%. Soluble protein from each sample (80 wg) was separated
on NativePAGE 4-16% Bis-Tris gel (Thermo Fisher Scientific) in
the first dimension, followed by separation on 12% Tris-glycine poly-
acrylamide gel in the second dimension. The molecular weight stan-
dards for Blue Native gel electrophoresis and SDS gel electrophoresis
were obtained from GE Healthcare (Sigma-Aldrich) and Bio-Rad,
respectively. Immunoblot analysis of the CoQ) synthome was per-
formed as described above using antibodies against Coq4 and Coq9.
A separate COQ10A- or COQ10B-containing complex was detected
using commercial antibodies against COQI0A and COQI0B,
respectively.

Analyses of de novo and steady state levels of CoQg and
CoQg-intermediates

Metabolic labeling with 13Cﬁ-labeled ring precursors and sub-
sequent analyses of labeled and unlabeled CoQs and CoQg-

TABLE 3. Description and source of antibodies

Antibody Working Dilution Source
Coql 1:10,000 (99)
Coq3 1:200 (105)
Coq4 1:2,000 (106)
Coqb 1:5,000 (107)
Coqb 1:200 (102)
Coq7 1:1,000 (108)
Coq8 Affinity purified, 1:30 (63)
Coq9 1:1,000 (109)
Coql0 Affinity purified, 1:400 This work
Coqll 1:500 This work
Mdh1 1:10,000 L. McAlister-Henn*
COQI10A 1:500 Proteintech
COQ10B 1 pg/ml Abcam

“Dr. Lee McAlister-Henn, Department of Molecular Biophysics
and Biochemistry, University of Texas Health Sciences Center, San
Antonio, TX.
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intermediates in yeast whole-cell lipid extract by RP-HPLC MS/
MS were previously described (9, 36). Briefly, overnight cultures
of yeast wild-type, cogl0A in SD-Complete medium, and coql0A
expressing pOM, pOM COQ10A, pOM COQ10B, pRCM, pRCM
COQI10A, or pRCM COQI10B in SD-Ura medium were back di-
luted with fresh SD-Complete or SD-Ura medium to 0.1 ODgqy/
ml and grown to 0.5 ODjy/ml (early-log phase) at 30°C 250 rpm.
The l3(}6-121beled precursors, pABA or 4HB, were dissolved
in ethanol and added to yeast cultures at a final concentration
of 5 wg/ml (equivalent to 34.9 pM ""C¢-pABA and 34.7 uM
"C¢4HB). Vehicle control samples contained a final concentration
of 0.1% (v/v) ethanol. The cultures were incubated with the
labeled precursors or ethanol for 5 h at 30°C 250 rpm before
triplicates of 5 ml culture were harvested for lipid extraction. The
cell density measured by ODgy, at the time of harvest was
recorded.

For lipid extraction, collected yeast cell pellets were dissolved
in 2 ml of methanol, and lipids were extracted twice in the pres-
ence of internal standard CoQ),, each time with 2 ml of petroleum
ether followed by vigorous vortex. The organic phase from two
extractions was combined and dried under a stream of Ny gas. A
series of CoQg standards (Avanti) containing CoQ, were prepared
and lipid extracted concurrently with yeast samples to construct a
CoQ)s standard curve. The dried lipids were reconstituted in 200
Wl of 0.5 mg/ml benzoquinone prepared in ethanol to oxidize all
lipid species for MS analysis with a 4000 QTRAP linear MS/MS
spectrometer (Applied Biosystems). Aliquots (20 wl) of each re-
constituted lipid extract were injected into a Luna phenyl-hexyl
column (100 x 4.6 mm, 5 pm; Phenomenex). The HPLC mobile
phase consisted of solvent A (95:5 methanol/isopropanol, 2.5
mM ammonium formate) and solvent B (isopropanol, 2.5 mM
ammonium formate). As the percentage of solution B was in-
creased linearly from 0% to 10%, representative CoQg and CoQj-
intermediates eluted off the column at distinct retention times
and were monitored under multiple reaction monitoring mode
scanning the precursor to product ion transitions listed in Table 4.
For each analyte, the precursor to product ion transitions of
both protonated ion species and its ammonium adduct ion spe-
cies were tracked. The ammonium adducts provide much stron-
ger ion signals for detection of isoprenoids by positive-ion
electrospray ionization MS. Analyst 1.4.2 software (Applied Biosys-
tems) was used for data acquisition and processing. In each sam-
ple, the amount of CoQ; and CoQj-intermediates was calculated
from the sum of peak areas of each analyte and its corresponding
ammonium adduct at a specific retention time, corrected for the
recovery of internal standard CoQ),. Statistical analyses were per-
formed using GraphPad Prism with two-way ANOVA multiple
comparisons comparing the mean of each sample to the mean of
its corresponding empty vector control, and comparing the mean
of wild-type to the mean of coqgl0A.

TABLE 4. Precursor-to-product ion transitions

m/z [M+H]" m/z [M+NH,]"
HAB 546.4,/150.0 563.0/150.0
BC-HAB 552.4/156.0 569.0/156.0
HHB 547.4/151.0 564.0/151.0
Bc,-HHB 553.4/157.0 570.4/157.0
DMQ; 561.4/167.0 578.0/167.0
PCe-DMQy 567.4/173.0 584.0/173.0
IDMQ; 560.6,/166.0 577.0/166.0
PCeIDMQy 566.6,/172.0 583.0/172.0
CoQ, 455.4/197.0 472.0/197.0
CoQ; 591.4/197.0 608.0/197.0
BCsCoQ; 597.4/203.0 614.0/203.0
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Homology modeling of human COQ10A and COQ10B

Secondary structural elements and disordered regions within
the COQI0A and COQIl0B ORFs were predicted using PsiPred
(87) and DisoPred (38). Secondary structural alignments and ini-
tial model generation were performed using the SwissModel server
(89). Using COQI10A as the query sequence, 50 homologous pro-
tein templates were identified with sequence identities ranging
from 6.94% to 28.68%, and sequence similarity between 25% and
30%. Nine templates with the best alignment of the secondary
structural elements were selected for model building in Swiss-
Model. Of the nine models generated, four models with either low
QMEAN scores or high identity to the template were selected for
further improvement. As the sequence coverage of the models dif-
fers from each other, a combination of all four models was used to
generate the final model that covers residues 87-228 of COQ10A.
The final steps of model refinement, rebuilding strange loops, and
improvement of side chain packing and backbone distortion were
completed using custom script in PyRosetta (40). A total of 16,000
decoys were generated and the convergence of the refinement was
assessed by checking RMSD of all decoys to the lowest energy
decoy versus Rosetta energy. The top five decoys with the lowest
Rosetta energy were selected and model quality was assessed via
Qmean (41), Verify3D (42), Errat (43), and MolProbity (44). The
decoy that scored equally well in all four metrics was chosen as the
final model of COQ10A. A similar approach was used to create a
homology model of COQI10B from a combination of six models
that covered residues 79-219 of COQ10B.

Molecular docking of CC1736

Molecular docking was completed using Autodock vina (45),
and substrate molecules were produced using phenix ELBOW
(46) and verified with phenix.REEL (46). Docking of each sub-
strate was executed with a 20 x 20 x 20 A grid box that encom-
passed the entirety of the hydrophobic pocket of CC1736.
Docking was performed with an exhaustiveness of 18 and nine
docking solutions were produced per run.

Yeast Coql0 ortholog similarity clustering and Coq10
coexpression analysis

The protein similarity network was constructed using the
EFI-EST tool (http://efi.igb.illinois.edu/efi-est/) (47) with an
alignment score of 30, with human COQI10A as the BLASTp seed
sequence, retrieving 8,095 hits. Protein nodes were collapsed
at >75% identity. The network was visualized with the yFiles organic
layout provided with the Cytoscape software (48). The nodes in
the network were colored by taxonomy as provided by the Uni-
Prot database (49). Information associated with proteins included
in this analysis can be found in supplemental Table S2. Gene
neighborhoods of bacterial homologs were retrieved with the
EFI-GNT tool (https://efi.igb.illinois.edu/efi-gnt/). The phylo-
genetic analysis was performed using MAFFT (50) for sequence
alignment and IQ Tree (51) as implemented on the CIPRES (52,
53) web portal with 1,000 bootstrap replicates (54). Before tree
reconstruction, the multiple sequence alignment (MSA) was
trimmed to remove poorly aligned sequence at the N terminus,
and the edited MSA can be found in supplemental Table S2.

RESULTS

Expression of either COQ10A or COQ10B from humans
restores respiratory growth of the yeast coql 0A mutant

Human COQI10A and COQI0B are co-orthologs of
yeast COQI0 located on human chromosome 12 and

Human COQ10A and COQ10B are required for CoQ function

chromosome 2, respectively (55). The polymorphisms in
COQI10A (P79H, P231S) and COQ10B (L48F) are thought
to be one of the genetic factors predisposing patients to statin-
associated myopathy (56, 57). The underlying molecular
mechanisms of statin-associated myopathy are proposed to
be isoprenoid depletion, inhibition of CoQ biosynthesis,
disruption of cholesterol homeostasis, or disturbance of
calcium metabolism (58). COQ10A and COQ10B each con-
tain six exons, which give rise to two isoforms of COQ10A
and four isoforms of COQI10B as a result of alternative
splicing and translation initiation (Fig. 1A). Each of the
two COQI10A mRNA transcripts contains a unique 5" UTR
and translation initiation site (Fig. 1A, supplemental Table
S1). According to the UniProt database (49), COQ10A
mRNA #1 encodes the longer isoform of COQI10A, with
the first 15 residues predicted to be the mitochondrial
targeting sequence (supplemental Table S1). COQI10A
mRNA #2 encodes COQ10A isoform 2 with a unique N ter-
minus. Two of the COQ10B mRNA transcripts share an iden-
tical 5" UTR and translation initiation site, whereas the other
two COQ10B mRNA transcripts each have a unique 5" UTR
and translation initiation site (Fig. 1A, supplemental Table
S1). Based on the UniProt database, COQI10B mRNA #1
encodes the longest isoform, and its mitochondrial target-
ing sequence consists of the first 37 residues (supplemental
Table SI). COQI10B isoform 2 encoded by mRNA #2 lacks
one of the exons present in mRNA #1 (Fig. 1A). COQ10B
isoforms 3 and 4 contain distinct N-terminal sequences and
their subcellular localization is unknown (Fig. 1A, supple-
mental Table S1). Although RNA processing predicts sev-
eral isoforms of COQ10A and COQ10B, both isoforms of
COQI10A and all four isoforms of COQI10B retain amino
acid residues important for START domain formation.

Expression of human COQ10A from a multi-copy vector
was previously shown to complement respiratory growth of
the yeast cogl0A mutant on a nonfermentable carbon
source (10, 16). Here, we examined the functional comple-
mentation of the yeast cogl0A by both single-copy (pQM)
and multi-copy (pRCM) expression of human COQ10A or
COQ10B. The cDNA expressed for COQ10A corresponded
to residues 44-247 of isoform 1 (COQI0A mRNA #1), and
the ¢cDNA expressed for COQ10B corresponded to resi-
dues 1-238 of isoform 1 (COQI10B mRNA #1). Yeast cogl0A
and coql0A with empty vectors pQM or pRCM show slow
growth on nonfermentable glycerol-containing medium
(Fig. 1B). Expression of either COQI10A or COQI0B in
single-copy or multi-copy rescued the glycerol growth of
the cogl0A mutant (Fig. 1B). Interestingly, single-copy
COQI10A and both single- and multi-copy COQ10B seem
to complement the defective growth of the cogl10A mutant
better as compared with multi-copy COQ10A (Fig. 1B).
These results identify human COQI0A and COQI10B as
functional co-orthologs of yeast Coql0.

Human COQ10A and COQ10B share low sequence
identity but high structural similarity with other Coq10
orthologs

In vitro lipid binding assays have shown that the C. crescentus
Coql0 ortholog, CC1736, binds to isoforms of CoQ,
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with varying polyisoprenoid chain length (n =2, 3, 6, or 10)
and to a farnesylated analog (n = 3) of a latestage CoQ
intermediate, DMQs (9). CC1736 does not bind to a farne-
sylated analog of an early-stage CoQ) intermediate, farnesyl-
hydroxybenzoate (9). This observation strongly implies that
the quinone moiety, but not the polyisoprenoid chain, is the
structural determinant of Coq10 ligand interaction. Several
amino acid residues have been identified through site-
directed mutagenesis, and a substitution of these residues
on Coql0 orthologs results in altered ligand-binding affinity
and respiratory defects (9, 16, 21, 59). Among these residues,
a combination of positive charge provided by residue K8,
paired hydrophobic residues Ab5 and V70, and a salt bridge
formed by E64 and K115 are thought to confer the ligand
specificity of CC1736 (11). Mutations in the equivalent resi-
dues in S. cerevisiae Coql0 result in defects in respiration as
measured by oxygen consumption, HyO, release, or NADH-
cytochrome ¢ reductase activity (9, 59). Here, we con-
structed sequence alignment of four Coql0 orthologs and
mapped these residues relative to positions in isoform 1 of
the human COQI0A and COQ10B amino acid sequence
(Fig. 2A). From the MSA, we noticed several additional
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SD-Ura, Day 3

SD-Ura, Day 3

SD-Ura, Day 3

protein coding sequence, and the numbers denote
the amino acid residue numbers at the beginning of
the coding sequence within each exon. The N-termi-
nal sequences of all isoforms of COQ10A and COQ10B
are listed in supplemental Table S1, with predicted
mitochondria targeting sequence highlighted in bold.
B: Wild-type W303, cogl0A mutant, coqgl0A express-
ing single-copy (pQM), multi-copy (pRCM) human
COQI10A, COQI0B, or their respective empty vectors
were inoculated in SD-Complete or SD-Ura liquid me-
dium overnight, from which a series of 5-fold dilutions
of the overnight culture were prepared and plated on
to YPD, YPG, and SD-Ura plate medium. Aliquots of 2
ul of samples from serial dilutions were plated in each
spot, starting at 0.2 ODgy,/ml in the first spot to the
left. Pictures were taken 3—4 days after incubation at
30°C.

conserved residues (shaded blue and lilac in Fig. 2A) be-
sides those previously identified. Most noticeably, aromatic
amino acids (tyrosine, phenylalanine, and tryptophan) and
nonpolar amino acids (valine, leucine, and alanine) are
highly enriched among these conserved residues (Fig. 2A).
Residues F39 and P41 of S. pombe Coql0 are believed to be
within the region for CoQ binding, and mutation of F39A
and P41A reduces the photo-labeling yield with azido-
quinone to about 50% of the wild-type control (21). Re-
placement of L63 or W104 with alanine on S. pombe Coql0
reduces CoQ binding affinity to about 50%, and a double
point mutant further reduces the binding affinity to only
25% (16). Based on homology modeling, the N-terminal
regions of human COQI10A and COQI10B do not seem to
form defined secondary structure and were excluded from
the predicted secondary structures shown in Fig. 2A. Thus,
exon skipping in COQI0B isoform 2 (Fig. 1A) as well as
variable N-terminal sequences on all COQ10A and COQ10B
isoforms that result from alternative splicing and translation
initiation (Fig. 1A) are not expected to change the second-
ary structural elements of the START domain of COQI10A
and COQI10B.
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Fig. 2. Human COQI0A and COQI10B share low sequence identity with Coql0 orthologs, but are predicted to contain conserved START
domain structures for lipid binding. A: Sequence alignment of human COQI0A (residues 73-244) and COQI10B (residues 64-235) with
Coql0 orthologs in S. cerevisiae, S. pombe, C. crescentus, and E. coli. MSA was constructed using Tcoffee, with identical residues shaded in blue
and highly conserved residues shaded in lilac. Residues that have been previously tested and deemed critical for ligand binding are indicated
with an inverted triangle, and the asterisk indicates the organism in which the site-directed mutagenesis study was performed. The secondary
structures of COQ10A and COQ10B were predicted using JPred and adjusted based on their refined models in B. Alpha-helices are shown
in red and labeled al-a2 and B-sheets are shown in green and labeled B1-B7. The figure was assembled in Jalview. B: Overlay of predicted
homologous models of human COQI0A and COQ10B were generated using the structures of MSMEG_0129 from Mycobacterium smegmatis
[Protein Data Bank identification (PDB ID): 5Z80] as a template. The predicted structures of COQ10A (dark shade) and COQI10B (bright
shade) were colored respectively, based on their predicted secondary structures. The COQ10A and COQ10B share a similar START domain,
a hydrophobic cavity consists of a-helix (red) and anti-parallel B-sheets (green). C: NMR structure of CC1736 (PDB ID: 1T17), a Coql10 or-
tholog in C. ¢rescentus (11). Structures in B and C were generated using PyMOL.

Based on the MSA, we also noticed that although hu-
man COQIO0A and COQI0B exhibit relatively low se-
quence identity with other Coql0 orthologs (~26-31%),
they are predicted to share similar helix-grip structures
(Fig. 2B). The predicted structures of COQ10A and COQ10B
are almost identical to each other (Fig. 2B) and similar
to the solved structure of CC1736 (Fig. 2C). The core of

Human COQ10A and COQ10B are required for CoQ function

both COQI0A and COQIl0B consists of two o-helices
and seven antiparallel B-sheets, and is predicted to form
a hydrophobic cavity shielding its CoQ lipid ligand from
the aqueous environment (Fig. 2B). The structural feature
of a helix-grip fold identifies both COQ10A and COQ10B
as distinctive members of the START domain protein
family.
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In order to reveal the most likely binding site for the
CoQ lipid ligand and to identify additional residues that
may confer CoQ lipid ligand binding specificity in COQI10A
and COQI0B, we attempted to dock CoQy to the known
structure of CC1736. Consistent with previous in vitro bind-
ing assay results, we observed that docking of farnesyl-
hydroxybenzoate to CC1736 occurred with free energy values
significantly higher (more positive and less favorable) than
CoQy docked at the central cavity of CC1736 (Fig. 3A, B).
The docking solutions of CoQy to CC1736 consistently
showed that the CoQy folds into a boomerang-like struc-
ture, with its hexaprenyl tail making contact with residues
A55, V70, and W95 lining the surface inside the cavity (Fig.
3A). However, the orientation of the benzoquinone head
group was slightly more variable between docking solu-
tions. Several START domain proteins have been reported
to undergo ligand-induced conformational change such
that the readily accessible entryway to the central cavity be-
comes partially constricted, shielding the ligand from the
aqueous environment (60-62). Thus, it is highly likely that
the flexible orientation of the quinone head group may be
aresult of a less compact conformation of the central cavity
in the structure of a ligand-free CC1736. Further studies
that would allow a more in-depth characterization of the
conformational change of Coql0O or its orthologs are
needed to decipher the CoQ ligand binding interaction.

Expression of human COQ10A or COQ10B restores
steady state levels of Coq polypeptides

Coq polypeptide components of the CoQ synthome
serve as enzymes required for CoQ biosynthesis and/or
play structural roles necessary for formation or stability of
the CoQ) synthome (5, 34, 63). Yeast Coql0 has not been
detected as part of the CoQ synthome, but its absence
causes destabilization of Coq3, Coq4, Coq6, Coq7, and
Coq9, as well as the overall CoQ synthome (34, 63). We
tested the ability of human COQ10A or COQ10B to restore
steady state levels of Coq polypeptides when expressed in
the yeast cogl0A mutant. We noticed that the steady state
level of Coqb is slightly reduced and the level of Coq8 is
slightly increased in the cogl0A mutant, in addition to
other affected Coq polypeptide levels shown previously
(63). The presence of single-copy pQM COQI0A fully re-
stores steady state levels of Coqb and Coqb (Fig. 4, supple-
mental Fig. SI) and partially restores steady state levels of
Coq3, Coq4, Coq7, and Coq9 (Fig. 4, supplemental Fig.
S1). The single-copy pOQM COQIO0B fully restores the
steady state level of Coqb (Fig. 4, supplemental Fig. S1) and

1300

Journal of Lipid Research Volume 60, 2019

restores steady-state levels of Coq4, Coq7, and Coq9 to a
minimal degree (Fig. 4, supplemental Fig. SI), but seems
to have a negative effect on the levels of Coq3, Coq6, and
Coq8 (Fig. 4, supplemental Fig. S1). Neither COQ10A nor
COQI0B expressed on a multi-copy pRCM vector func-
tions as well as the corresponding single-copy pOM vector,
despite the fact that COQ10A and COQI10B are barely de-
tected when expressed from a single-copy vector (Fig. 4).
The multi-copy pRCM COQI0A restores the steady state
level of Coq6 and partially restores the levels of Coqb and
Coq9 (Fig. 4, supplemental Fig. S1), while the steady state
levels of Coq3, Coq4, and Coq7 remain similar to the
coql0A mutant, if not lower (Fig. 4, supplemental Fig. S1).
Yeast cells expressing COQI10A from a multi-copy vector
show a nearly 50% reduction of Coqg8 content compared
with the wild-type control (Fig. 4, supplemental Fig. S1).
Overexpression of Cog8 promotes assembly of subcomplexes
of the CoQ synthome (34), and Coq8 deficit may explain
the ineffective rescue of cogl0A by the multi-copy COQ10A
and its corresponding poor growth phenotype on YPG
plate medium (Fig. 1B). The multi-copy pRCM COQ10B
restores Cogb and Coq9 (Fig. 4, supplemental Fig. S1), but
has no effect on the Coq3, Coq4, Coq6, and Coq?7 levels
(Fig. 4, supplemental Fig. S1). Opposite from the effect
of expressing multi-copy pRMC COQI10A, the presence of
multi-copy pRCM COQI10B leads to a 50% increase of
Coq8 compared with the wild-type cells (Fig. 4, supplemen-
tal Fig. S1). It is quite intriguing that pRCM COQI10B re-
sults in a slight reduction of the Coql level, while the level
of Coql1 is nearly 2.5-fold more compared with the wild-
type cells (Fig. 4, supplemental Fig. SI). The anti-COQI10A
antibody specifically recognizes COQI0A and does not
cross-react with human COQ10B (Fig. 4). Anti-COQ10B
antibody is also antigen-specific, but it gives two intense
bands, migrating at ~30 kDa and ~17 kDa (Fig. 4). In hu-
man cells, only the higher molecular mass band is detected,
and the lower molecular mass band may correspond to a
processed form of COQ10B unique to the yeast cells.

Expression of human COQ10A or COQ10B fails to
restore the CoQ synthome in the yeast coql 0A mutant

The decreased steady state levels of component Coq
polypeptides in the yeast cogl 0A mutant are directly related
to the destabilization of the CoQ) synthome (34). Here, we
assessed the stability of the CoQ synthome in coql0A
expressing single- or multi-copy COQ10A or COQ10B by
two-dimensional BN/SDS-PAGE. In the first dimension,
multi-subunit protein complexes are resolved under

Fig. 3. CoQjg docks in the hydrophobic cavity of
CC1736. A: CoQy (colored in black) was docked to
the NMR structure of CC1736 using AutoDock. The
a-helices are shown in red and B-sheets are shown in
green. Docking structures were produced using
Autodock vina (45). B: Electrostatic surface of CC1736
showing the cavity docked with CoQjg with some resi-
dues hidden for clarity (red, negative; blue, positive).
The polyisoprenoid chain is threaded through the hy-
drophobic cleft created by residues Alab5, Val70, and
Trp95.
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Fig. 4. Expression of human COQ10A or COQ10B restores steady
state levels of Coq polypeptides. An aliquot of 25 ug of purified mi-
tochondrial protein from wild-type, cogl0A, or cogl0A expressing
single- or multi-copy COQ10A or COQ10B was applied to each lane
and separated on 12% Trisglycine SDS-PAGE gels. Purified mito-
chondria from cogIA and cog3A—coql IA mutants were included as
negative controls for Western blotting against each of the Coq poly-
peptides. Purified mitochondria from coq10A were used as cogA con-
trol for blotting against human COQI0A and COQI0B. Yeast
mitochondrial malate dehydrogenase (Mdhl) was included as load-
ing control. Two panels (left and right) are immunoblots derived
from the same nitrocellulose membrane. Relative protein levels
were quantified by band densitometry in supplemental Fig. S1 using
Image] software.

nondenaturing native conditions, followed by separation
into individual polypeptide constituents in the second
dimension by traditional SDS-PAGE under denaturing
conditions. Proteins that represent subunits from the same
multi-subunit complex are found in one vertical line, and a
designated polypeptide component that is present in sev-
eral distinct complexes or subcomplexes is indicated by a
horizontal signal. Thus, the CoQ synthome that is repre-
sented by its component Coq4 or Coq9 polypeptide is
shown by two horizontal lines that align with the Coq4 and
Coq9 bands present in the sample of intact mitochondria
from each sample in the lane labeled as “M” (Fig. 5). In
wild-type yeast cells, the CoQ synthome is represented by a

complex array of high molecular mass signals, spanning a
range of about 400 kDa to >1 MDa for Coq4 and from
~140 kDa to >1 MDa for Coq9 (Fig. 5A). In contrast, the
CoQ synthome in the cogl0A mutant appears destabilized,
indicated by the disappearance of complexes much larger
than 669 kDa and an appearance of complexes limited to a
distribution between 140 kDa and slightly greater than 669
kDa for both Coq4 and Coq9 signals (Fig. bA). Although
expression of single-copy pOM COQI0A restored the
steady state polypeptide levels of both Coq4 and Coq9 (Fig.
4), the distribution of high molecular mass signals for Coq4
and Coq9 remains limited to a range similar to that of the
coq10A mutant (Fig. 5A). Single-copy pQM COQ10B rein-
forced the CoQ synthome assemblies below 440 kDa, as
shown by intense Coq9 signal (Fig. 5A), but it also failed to
restore the CoQ synthome at a much greater molecular
mass (Fig. bA). Neither multi-copy COQ10A nor COQ10B
expression appears to confer a stabilization effect on the
CoQ synthome (Fig. 5A). Thus, the expression of either
COQI10A or COQI10B, while having a rather dramatic ef-
fect on steady state Coq polypeptide levels, exerts a negli-
gible effect on the high molecular mass signals that
characterize efficient CoQ synthesis and the presence of
the CoQ synthome.

Coql0 comigrates with Coq2 and Cog8 on two-
dimensional BN/SDS-PAGE (64), but so far there is no di-
rect evidence showing Coql0 interaction with other known
Coq polypeptides or with the CoQ synthome. On a sucrose
gradient, native Coql0 from yeast mitochondrial extract
sediments at a fraction that corresponds to a molecular
mass of approximately 140 kDa (10). Given that the mono-
meric molecular mass of mature Coql0 is 20 kDa, Coql0
must be present in a complex that consists of an oligomeric
form of Coql0 and/or with other partner proteins (10).
We tested to determine whether human COQI0A or
COQ10B might also assemble into complexes. Because the
signal intensities of both COQ10A and COQ10B expressed
from single-copy vectors are quite weak, we decided to ex-
amine their complex formation when expressed from the
multi-copy vector. On the two-dimensional BN/SDS-PAGE,
wild-type yeast CoqlO-containing complex is distributed
across the entire range of high molecular mass standards,
but predominantly concentrated between 66 and 232 kDa
(Fig. 5B), and the Coql0-containing complex is absent in
the cog10A mutant (Fig. 5B). Although the signal intensi-
ties of COQIO0A and COQIO0B are low, it appears that
COQI10A forms a discrete complex at ~140 kDa (Fig. 5B),
and COQ]10B is dispersed across between 232 and 440 kDa
(Fig. 5B). Knowing the total amount of protein subjected
to analysis by BN/SDS-PAGE, it is possible that a significant
amount of COQ10A and COQ10B may migrate at a much
smaller size corresponding to its monomeric molecular
mass, not observed by the first dimension gel matrix.

Expression of human COQ10A or COQ10B fails to
restore CoQ biosynthesis in the yeast coql 0A mutant

In yeast, CoQ is produced from two distinct quinone
ring precursors, pABA or 4HB (5). Early-stage interme-
diates, 4-amino-3-hexaprenylbenzoic acid (HAB) and

Human COQ10A and COQ10B are required for CoQ function 1301
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4-hydroxy-3-hexaprenylbenzoic acid (HHB), are the first
polyisoprenylated intermediates emerging from pABA and
4HB, respectively (5). Subsequent modifications of the
ring of HAB or HHB give rise to late-stage intermediates,
4-imino-demethoxy-QsH, (IDMQgHj,) or demethoxy-QsH,
(DMQgHs). It is believed that only DMQgH, gets directly
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converted to CoQgH,, whereas IDMQzH, represents a
dead-end late-stage product; the deamination of HAB is
mediated by the Coq6/Coq9 step in the pABA pathway (5).
To examine how well single- and multi-copy COQI10A or
COQ10B rescue yeast cogl 0A de novo CoQ biosynthesis, we
labeled the cells with l‘C6-pABA or 13C6-4HB in order to



measure the efficiency of CoQ production from both
pathways.

Consistent with previously published results (9), we ob-
served that the yeast cogl0A mutant produced less 13C6-
CoQy; (Fig. 6A) but significantly higher amounts of the
early intermediates, 13C6-HAB (supplemental Fig. S2A) and
13C6-HHB (supplemental Fig. S2B) during log phase
growth. The yeast cog]0A mutant also makes less late-stage
intermediates, "CeDMQ; (supplemental Fig. S2C) and
13C6-IDMQ6 (supplemental Fig. S2D), de novo compared
with the wild-type cells. One caveat to this result is that
when the yeast cogl0A mutant is transformed with empty
vector pOM or pRCM, these empty vectors seem to make a
significant difference on the levels of all representative
CoQgintermediates as well as in CoQs; when compared
with the cog10A mutant (Fig. 6, supplemental Fig. S2). We
suspected that this might be a result of different medium
used to culture the cogl0A mutant (SD-Complete) and
coq10A mutant with empty vectors (SD-Ura). Therefore, we
compared the yeast cogl A expressing single- or multi-copy
COQI10A or COQI10B to their respective empty vector con-
trols for the statistical analyses. If COQ10A or COQ10B
were to restore efficient de novo CoQ biosynthesis, we
would expect lower amounts of 13CG-HAB and l3C6-HHB
and a higher amount of 13Cg)—CoQﬁ. However, expression of
either COQI10A or COQI10B has only a minimal effect on
the de novo biosynthesis of ISCG-COQB. Single-copy COQI10A
seems to make slightly more ]3C6-C0Q6 from labeled pABA
and 4HB (Fig. 6A), and has slightly higher levels of total
CoQ); (Fig. 6B) when compared with the empty vector con-
trol. In contrast, expression of COQI0B, particularly in
multi-copy, decreases de novo 13CG-Co% as well as the total
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CoQy content (Fig. 6A, B). While single- and multi-copy
COQI0A and multi-copy COQI10B synthesize "Co-DMQ;
(supplemental Fig. S2C) and ]3C6-IDMQ6 (supplemental
Fig. S2D), the conversion from early-stage intermediates to
late-stage intermediates is slow, as indicated by a buildup of
the labeled 13C6-HAB (supplemental Fig. S2A) and By
HHB (supplemental Fig. S2B).

In addition to “Cglabeled CoQy and CoQy-intermedi-
ates, we also quantified the unlabeled CoQg and CoQy-
intermediates (Fig. 6B, supplemental Fig. S2E-H). Similar
to what we observed with the ’Cglabeled CoQy and CoQy-
intermediates, the yeast cogl 0A mutant expressing single- or
multi-copy COQI10A or COQ10B has only a negligible effect
on the steady state levels of CoQg and CoQg-intermediates.
To summarize, neither single- nor multi-copy expression of
COQI10A or COQI10B functionally restores de novo CoQ
biosynthesis to the wild-type level, and has negligible ef-
fects on the synthesis of early stage CoQgintermediates
relative to the empty vector control. Given that the high
molecular weight CoQ) synthome is known to be necessary
for efficient CoQjy biosynthesis in yeast, it is not surprising
that each of the human COQ]10 orthologs fails to restore
the yeast de novo CoQy production.

Human COQ10A rescues PUFA sensitivity of the yeast
coql0A mutant

PUFAs are particularly susceptible to oxidative damage
caused by ROS-dependent abstraction of hydrogen atoms
at bis-allylic positions, generating carbon-centered free
radicals (65). In the presence of oxygen, the resulting per-
oxyl radicals trigger a chain reaction of lipid peroxidation
and propagate oxidative damage to other macromolecules.

Fig. 6. Expression of human COQI0A or COQI10B has a minimal effect on de novo CoQy biosynthesis and total CoQy content. The de
novo production of CoQ,; was measured from yeast whole-cell lipid extracts from wild-type, coqgl0A, coqgl0A expressing single- or multi-copy
COQI0A or COQIOB, or their respective empty vector labeled with *C4-pABA (red) or "C¢4HB (blue) for 5 h. Expression of single- or
multi-copy COQ10A or COQ10B has almost negligible effect on both de novo 1‘O’CG—COQG (A) and total CoQy (B) when compared with their
respective empty vector controls. The statistical analyses were performed using two-way ANOVA multiple comparisons from three biological
replicates, comparing yeast cogl 0A expressing single- or multi-copy COQ10A or COQI10B to their respective empty vector controls, and com-
paring yeast cogl0A mutant to the wild-type control. The error bar indicates mean + SD, and the statistical significance is represented by

*P<0.05, ¥*¥P<0.01, #*P<0.001, and ****P < (0.0001.

Human COQ10A and COQ10B are required for CoQ function

1303



Collectively, this oxidative damage results in DNA muta-
tions, protein fragmentation, and formation of protein-
protein cross-links (66). As shown in Fig. 7, the yeast
CoQ-less mutant (cog9A) is sensitive to a-linolenic acid due
to the absence of antioxidant protection offered by CoQ
(30, 31). The yeast cogl0A mutant is also sensitive to treat-
ment with a-linolenic acid, presumably because the chap-
erone function of the Coql0 polypeptide is necessary for
the ability of CoQ) to function as an antioxidant (9). This
chaperone function of CoqlO0 is independent of its role
in respiration per se, because a CoQ-replete respiratory-
deficient mutant lacking a subunit of complex III (corlA)
is resistant to a-linolenic acid (Fig. 7). Thus, we assessed
whether the sensitivity to PUFA treatment of yeast coql0A
was rescued by the expression of single- or multi-copy hu-
man COQ10A or COQ10B. Expression of either single- or
multi-copy COQI0A rescued yeast coglOA sensitivity to
treatment with a-linolenic acid (Fig. 7). Multi-copy COQ10B
partially rescued yeast cogl OA sensitivity to a-linolenic acid,
while single-copy COQ10B did not have a significant effect
(Fig. 7). As expected, yeast strains tested were resistant to
monounsaturated oleic acid (Fig. 7). Thus, our data sug-
gest that COQ10A and COQI0B are only partially able to
complement the yeast cogl0A mutant; both human co-
orthologs are capable of rescuing defective respiration and
PUFA sensitivity in the yeast cogl0A mutant, but fail to res-
cue the defect in CoQy biosynthesis.

COQ10 family analysis

A protein sequence similarity network analysis reveals
that the COQI10-like family can be divided into six main
similarity clusters that are generally grouped by taxonomy
(Fig. 8A). The COQIl0-like proteins from land plants and
green algae (with the exception of prasinophyte homo-
logs) are closely related to animal homologs and, in the
phylogenetic tree reconstruction, are nestled within the
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metazoan clade (Fig. 8B). Two groups of bacterial proteins
are found in the COQI10-like family. Proteins encoded by
genes (referred to as yfjG/ratA in E. coli) in the highly con-
served smpB-ralA-yfjF gene neighborhood (67, 68) domi-
nate bacterial cluster 1. RatA from E. coli (see sequence
alignment in Fig. 2A) has a proposed role in cell cycle ar-
rest as a response to stresses such as nutrient starvation
(69). Upon induction, RatA blocks 70S ribosome associa-
tion and inhibits the translation initiation step (69). The
first gene in the neighborhood, smpB, also encodes a protein
that interacts with the ribosome through a complex formed
with tmRNA that is essential for rescuing stalled ribosomes
(70, 71). The third gene in the conserved operon, yfjF;, en-
codes a protein of unknown function, which was renamed
RatB, an assumed antitoxin of RatA, but evidence suggests
that RatB does not function as an antitoxin to RatA (69). YiF
is homologous to RnfH, a Rhodobacter capsulatus homolog en-
coded by a gene at the end of the rnfoperon (72). Rnf is an
enzyme complex homologous to but distinct from the bacte-
rial respiratory complex, Na+—dependent NADH:ubiquinone
oxidoreductase (Na-NQR) (73). However, a role for RnfH
in the Rnf complex is unsubstantiated and many rnfoperons
do not encode an RnfH orthologs (74).

Proteins encoded by genes that are often physically clus-
tered with lipA orthologs, which encode lipoyl synthases,
dominate bacterial cluster 2. Mining coexpression data-
bases revealed that the characterized COQ10 from S. pombe
is coexpressed with AIM22 (second-ranked coexpressed
gene) (75), encoding a putative lipoate-protein ligase A.
These two functional inferences (conserved gene clusters
in bacteria and coexpression in S. pombe) may point to a yet
uncharacterized role of COQ]10 in lipoic acid biosynthesis
or regulation; lipoic acid is a prosthetic group covalently
attached to several dehydrogenases within the mitochon-
dria. We also note that the top-ranked coexpressed gene
in S. cerevisiae, MDM12, is positioned head-to-head with

Fig. 7. Human COQI10A rescues PUFA sensitivity of
the yeast cogl0A mutant. Wild-type W303, respiratory-
deficient mutant corIA, CoQ-less mutant cog9A, cog10A,
and coql0A expressing single- or multi-copy COQ10A
or COQI0B, or their respective empty vector were
grown in SD-Complete or SD-Ura liquid medium to log
phase. Harvested cells were washed twice with sterile
water and resuspended in phosphate buffer with 0.2%
dextrose (pH 6.2) to 0.2 ODg/ml. The resuspended
cells were incubated with oleic acid or a-linolenic acid
prepared in ethanol at a final concentration of 200 uM
for 4 h. Cells were also incubated with only ethanol as
vehicle control. Aliquots of cell suspension from each
sample were removed before addition of fatty acids
[0 h (0 Hr), no fatty acids], and 4 h (4 Hr) post fatty
acid incubation to assess cell viability by plate dilution
assay. An aliquot of 2 ul of a series of 5fold diluted
samples was plated in each spot starting at 0.2 ODgy,/ml
in the first spot on YPD plate medium. Pictures were

O Hr 200 uyM
Oleic Acid

200 uM
a-Linolenic Acid

taken 2 days after incubation at 30°C.

4 Hr
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Fig. 8. The COQI10 family of proteins. A: A protein similarity network of proteins similar to COQ]10 is shown. Each node (circle) represents
one or more protein sequences, and each edge (solid line) represents similarity between two proteins (threshold set at an alignment score
of 30). Nodes are colored by taxonomy as indicated in the legend. The locations of nodes representing human COQ10A and COQ10B, as
well as previously characterized Coql0 orthologs from S. cerevisiaeand S. pombe, are indicated with blue arrows. The disconnection of S. pombe
Coql0 from the rest of the network is due to the low similarity (as measured by the BLASTp Evalue) between S. pombe Coql0 and other
COQI10 homologs (with the exception of Coql0 from other Schizosaccharomyces species). The predominant operons observed for the two
distinct bacterial clusters represented by E. coli and C. crescentus are shown as cartoons. A schematic of the Coql1-Coql0 protein fusion ob-
served in genomes from Ustilaginaceaeis also shown, and corresponding nodes are indicated with a thick border. Coql1 contains the cd05229
domain, an atypical SDR domain, and Coql0 contains the ¢d07813 domain, a SRPBCC (START/RHO_a_C/PITP/Bet_vl/CoxG/CalC)
domain with a deep hydrophobic ligand-binding pocket. Protein and organism information for each node is available in supplemental Table
S2. B: A phylogenetic tree of selected COQ10 homologs from each of the sequence similarity network protein clusters. Background shading
corresponds to taxonomy as indicated. Branches with less than 50% bootstrap support were deleted.

COQI0 (75), suggesting that the two genes share a bi-
directional promoter. The mitochondrial distribution and
morphology protein (Mdm12) is the cytosolic subunit of the
ER-mitochondria encounter structure (ERMES) for estab-
lishing the ER-mitochondria contact sites, the absence of
which causes severe mitochondrial morphological defects,
defects in respiration, and rapid loss of mitochondrial DNA
(76, 77).

The Coql0-Coqll fusion proteins found in genomes
from Ustilaginaceae (78) are also shown in Fig. 8. Additional
domains found in the present analysis fused to the COQ10
domain (PF03364) (encoded by at least two different spe-
cies) include PF00098 (zinc-finger domain), PF00227/
PF10584 (proteasome subunits), and PF00378 (enoyl-CoA
hydratase /isomerase family). Additionally, both COQI10A
and COQI0B were previously found to interact with the

Human COQ10A and COQ10B are required for CoQ function

enoyl-CoA hydratase, ECHI1, which in turn has been ob-
served to interact with COQ2, COQ3, COQ4, COQ6,
COQ7, and COQ8A (79, 80). Mining coexpression data-
bases, both COQ3and COQS8A also coexpress with COQ10A
(81). The human ECHI localizes to the matrix of mito-
chondria and participates in (-oxidation of unsaturated
fatty acids (82), and the interaction of ECHI with both
COQI10A and COQI10B aligns well with their roles as chap-
erones to deliver CoQ as a cofactor for the reaction.

DISCUSSION

This study provides another piece of evidence supporting
the functional conservation of yeast and human proteins
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involved in CoQ) biosynthesis. Unlike yeast, humans have
two isoforms of COQ10, which may have evolved by a
duplication event during chordate evolution (Fig. 8B).
RNA-seq analysis of different human tissues suggests that
although both COQI10A and COQI0B are universally ex-
pressed, COQ10A seems predominantly expressed in heart
and skeletal muscle cells (83, 84). Knowing that COQ10A
and COQ10B share 66% sequence identity (84% similar-
ity), the enrichment of COQ10A in human heart and skel-
etal muscle implies a functional specialization of the
protein. From our experimental results, it is curious to
note that single-copy COQI0A performs the best in terms
of restoring steady state Coq polypeptide levels (Fig. 4), sta-
bilizing the CoQ synthome (Fig. 5), and restoring resis-
tance against PUFAs (Fig. 7), despite the finding that
single-copy COQI10A seems to restore respiratory growth
phenotype just as well as both single- and multi-copy
COQ10B on YPG plate medium (Fig. 1B). In contrast, nei-
ther COQI0A nor COQ10B expression restores de novo
CoQ synthesis in yeast when compared with the cogl0A
empty vector control (Fig. 6, supplemental Fig. S2). Effi-
cient CoQ) biosynthesis requires a properly assembled CoQ
synthome, but neither COQ10A nor COQ10B expression
fully restores the CoQ synthome assembly (Fig. 5). Impor-
tantly, neither COQ10A nor COQI10B expression restores
the steady state levels of Coq4, which is known to be the
central organizer protein of the CoQ synthome (34). Ad-
ditionally, the assembly and stability of the CoQ) synthome
relies on the presence of CoQg and CoQy-intermediates.
Studies have shown that reestablishment of de novo CoQj
biosynthesis and the levels of certain CoQg-intermediates
restores the CoQ synthome assembly and CoQ) domain for-
mation (34, 85). The CoQ synthome is responsible for ef-
ficient de novo CoQ) biosynthesis, and the resulting CoQ
and CoQ-intermediates are in turn necessary to stabilize
the CoQ synthome. Because neither COQ10A nor COQ10B
rescues the defect in de novo CoQs production, the
amounts of CoQy or CoQg-intermediates may not be suffi-
cient to restore and stabilize the CoQ) synthome. However,
expression of either of the human orthologs, COQ10A or
COQI10B, complemented the cogl0A glycerol growth (Fig.
1B). Thus, human COQI10A and COQ10B fulfill two inde-
pendent functions in yeast: I) both facilitate the function
of CoQ in respiration; and 2) both enable CoQ) to function
as a chain-terminating antioxidant. However, neither
COQI0A nor COQI0B function to restore the efficient
CoQ) biosynthesis in yeast.

One possibility is that a coordinated action of both yeast
Coq10 and Coql1 is necessary to restore efficient CoQ bio-
synthesis in the yeast cogl0A mutant. In mammalian cells, it
is common that the START domain may be coupled with
other motifs/domains on the same protein, offering addi-
tional functions, such as localization, enzymatic activity, or
signaling (12, 13, 86). For instance, the metastatic lymph
node 64 (MLLN64) is a cholesterol-specific START protein,
and it contains a conserved membrane-spanning (MLN64
N terminal) MENTAL domain in addition to the START
domain (87). The NMENTAL domain anchors MLLN64 to
the late endosome membranes, from which the MENTAL
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domain can capture cholesterol and subsequently transfer
it to the cytoplasmic START domain (14, 87, 88). Yeast
Coqll belongs to the short-chain dehydrogenase/reduc-
tase (SDR) superfamily, which contains a conserved Ross-
mann fold with an N-terminal binding site for NAD (H) or
NADP(H) (89). The S. cerevisiae cogl 1A does not exhibit
an apparent growth defect on a nonfermentable carbon
source, but its de novo 13Cﬁ-CoQﬁ production is signifi-
cantly lower compared with the wild-type cells (78). S. cere-
visiae cog] 0A shares a very similar phenotype except that its
growth on nonfermentable carbon sources is impaired but
not completely abolished. Thus, it may be possible that, in
yeast, the Coql0 and Coqll functions need to be coordi-
nated in order to achieve wild-type level efficiency for de
novo CoQy biosynthesis. The presence of Coql0-Coqll fu-
sion protein in several Ustilaginaceae species (Fig. 8) further
consolidates a potential functional link conferred by their
physical interaction and/or function in the same biological
pathway. In mammalian cells, the closest but distinct ho-
molog to yeast Coqll is NDUFA9, a NADH dehydrogenase
and a complex I ubiquinone reduction-module (Q-mod-
ule) subunit (78, 90). However, because humans do not
have Coqll, a similar interaction between CoqlO and
Coqll either never evolved or was lost during evolution.
Therefore, we postulate that neither human COQ10A nor
COQ10B was able to interact with yeast Coql1, hence fail-
ing to restore de novo CoQ biosynthesis (Fig. 6, supple-
mental Fig. S2). In contrast, plants and algae do have
orthologs of yeast Coql1 and have evolved to use Coql1 or
Coql1-like proteins (78). The Arabidopsis thaliana genome
encodes four Coqll orthologs (Atlg32220, Atbg15910,
Atbg15480, and Atbgl10730), and the chloroplast-localized
flavin reductase-related protein, Atlg32220, is thought to
be involved in plastoquinone biosynthesis (49, 78). In
COXPRESdb, COQI0A is coexpressed with SDR39U1,
which, like Coql1, belongs to the SDR superfamily (75),
and SDR39U1 was found to coelute with human COQ9
from a hydroxyapatite column in mitochondria solubilized
with Triton X-100 (91). These functional inferences may
supply a link between human COQ10 and Coql1-like pro-
teins in CoQ) production.

So far, most of the publications on yeast Coql0 are fo-
cused on its putative function as a CoQ chaperone for its
function in respiration and as a lipophilic antioxidant. The
Coql0 similarity network analysis (Fig. 8A) suggests that
Coql0 homologs may be functionally linked to lipoic
acid synthesis and/or regulation. Lipoic acid is a sulfur-con-
taining cofactor and is essential for enzymatic functions of
pyruvate dehydrogenase and a-ketoglutarate dehydro-
genase, as well as the glycine cleavage system (92). Lipoic acid
is assembled on its cognate proteins from precursor octa-
noic acid from the fatty acid biosynthesis pathway to a specific
lysine residue of the cognate protein by octanoyl trans-
ferase (LipB), followed by insertion of sulfur by lipoyl
synthetase (LipA) (92). Eukaryotes contain a conserved
mitochondrial fatty acid synthetic pathway, independent
from cytosolic fatty acid biosynthesis machinery (93). The
respiratory competence in yeast is dependent on the ability
of mitochondria to synthesize fatty acids, and yeast deletion



mutants of enzymes involved in mitochondrial fatty acid
synthesis exhibit a respiratory-deficient phenotype and
small mitochondria, possibly mediated by inefficient tRNA
processing by RNase P cleavage (93). A role for Coql0 or
Coq10 homologs in fatty acid synthesis has not been sub-
stantiated, but because yeast cogl0A is respiratory-defective,
it would be interesting to examine the mitochondrial mor-
phology in this particular mutant and assess the lipoic acid-
dependent enzyme activities.

Another possible functional role of CoqlO relates to the
coexpression of COQI10 and MDMI2 from a shared pro-
moter in S. cerevisiae (Fig. 8A) (94). The arrangement and
coregulation of different genes via promoter sharing is in-
dicative of functional connection and/or physical interac-
tions between the two gene products. In yeast, Mdm12 is
positioned on the mitochondrial outer membrane as part
of the ERMES complex subunit; Mdm12 bridges Mmml1
localized at the ER membrane with Mdm10 and Mdm34
at the cytosolic site (76). The ERMES complex mediates
ER-mitochondrial contacts, essential for lipid exchange
between the two organelles (76). Recently, polypeptide
members of the CoQ synthome (Coq3-Coq7, Coq9, and
Coql1) have been shown to localize selectively to multiple
domains (CoQ domains) (85, 95). These CoQQ domains are
marked by ER-mitochondria contact sites and are estab-
lished by a START-like domain containing ER membrane
sterol transporter protein, Ltcl, in complex with the mito-
chondrial outer membrane protein, Tom71, as well as by
the ERMES complex (85, 95). Presence of the CoQ do-
main relies on the cooperative assembly of the CoQ syn-
thome components (85). Absence of any one subunit of
the ERMES complex also elicits a dramatic effect on the
overall stability of the CoQ synthome and CoQ domain for-
mation, but only a negligible effect on the steady state
levels of the constituent Coq polypeptides of the CoQ) syn-
thome (85, 95). Deletion of LTCI in the mmmlIA mutant
further enhanced the defect of CoQQ domain formation,
suggesting a redundant functional role of these two ER-
mitochondria tethers for domain positioning in the mito-
chondria (85). The ERMESA mutants accumulate steady
state and 13Cﬁ—labeled CoQg-intermediates as a result of
inefficient CoQy biosynthesis from destabilized CoQ
synthome (95). Interestingly, these ERMESA mutants retain
more “Cglabeled CoQg even though their steady state
CoQ); levels inside the mitochondria are lower compared
with the wild-type cells (95). The disruption of CoQj
homeostasis presumably results from the reduced sequestra-
tion of CoQy within the mitochondria and/or compro-
mised degradation of CoQj at the peroxisomes, which have
been reported to colocalize with the ERMES complex at
specific mitochondrial subdomains (95, 96). Inside the
yeast mitochondria, two separate studies have observed a
reduced number of CoQ) synthome domain formations in
the yeast cogl0A mutant, which is likely contributed by the
partial destabilization of the CoQ synthome as well as com-
ponent Coq polypeptides in the absence of Coql0 (63, 85,
95). The establishment of CoQ) domains within mitochon-
dria relies on CoQ-intermediates and substrate flux (85),
which seems to correlate well with the role of Coql0 in
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mediating efficient CoQ production. However, the exact
mechanism underlying the role of Coql0 in coordination
of the ER-mitochondria contact sites and CoQ) biosynthesis
remains to be elucidated.

Similar CoQ) domains are also observed in human cells
(85). However, mammalian cells do not have orthologs of
ERMES polypeptides, and the physical contact between ER
and mitochondria is established by homo- or heterodimer-
ization of ER-localized mitofusin (MFN)2, with MFNI1 or
MFN2 on the mitochondrial outer membrane (97). Loss
of MFN2 impairs respiration capacity, originating from a
depletion of mitochondrial CoQ) content and reduced CoQ)-
dependent NADH-cytochrome ¢ reductase and succinate-
cytochrome ¢ reductase activities (98). Proteomic and
metabolic analyses suggest that loss of MFN2 likely affects
the isoprene biosynthesis pathway that is upstream of both
CoQ) and cholesterol biosynthesis, but the effect is only ob-
served as decreased CoQ but not cholesterol levels (98).
Similar to the yeast system, the enzymes involved in the iso-
prene biosynthetic pathway exist in different organelles,
including mitochondria, ER, and peroxisomes (98); how-
ever, the functional implications of the involvement of hu-
man COQI0A and COQI0B in physical coordination of
these organelles remain to be uncovered.

In summary, this study indicates that although expres-
sion of the human COQ10A or COQI10B orthologs failed
to restore efficient de novo synthesis of CoQ), they none-
theless rescued the respiratory deficiency and the sensitivity
to oxidative stress of the yeast cogl 0A mutant. These results
indicate that the Coq10 START domain functions as a CoQ
chaperone, necessary for respiration-dependent cellular
bioenergetics and defense mechanisms against oxidative
stress. The COQI10 family protein analyses provide addi-
tional insights into the possible roles of Coql0-dependent
transport of CoQ), necessary for its function as a cofactor in
biological pathways and trafficking between organelles. Bl
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