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ABSTRACT OF THE DISSERTATION

The roles of the Coq10 chaperone protein, cardiolipin, and endoplasmic reticulum-mitochondria

contact sites in coenzyme Q biosynthesis and function

by

Hui Su Tsui

Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2019

Professor Catherine F. Clarke, Chair

Coenzyme Q (CoQ) is an essential lipid molecule for cellular bioenergetics, cellular
antioxidant defense, and is a co-factor for enzymes participating in fatty acid B-oxidation and
pyrimidine biosynthesis. The biosynthetic machinery of CoQ consists of a cohort of Coq
polypeptides that are organized in a multi-subunit complex known as the CoQ synthome,
residing on the mitochondrial inner membrane. Although CoQ is almost exclusively produced
inside the mitochondria, it exists in most cellular membranes. The hydrophobicity of CoQ,
especially CoQ isoforms with long polyisoprenyl tail prevents CoQ from being distributed to
cellular membranes via diffusion. Thus, protein complexes localized at the membrane contact
sites between two organelles, and lipid-binding chaperones play important roles redistributing
CoQ and escorting CoQ from place where it is being synthesized to places where it functions.
My research uses Saccharomyces cerevisiae (hereafter termed “yeast”) as the model organism

because many of the enzymes involved in the yeast CoQ biosynthesis are conserved in
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humans. Additionally, the ability of yeast cells to survive by fermentation allows genetic
manipulation of genes that are essential for respiratory growth.

Chapter 1 provides an overview of the biosynthesis of CoQ in both yeast and human
cells, and highlights the functional conservation of many of the enzymes involved in the CoQ
production. Chapter 2 focuses on the biochemical characterization of two human steroidogenic
acute regulatory protein (StAR)-related lipid transfer (START) domain proteins, COQ10A and
COQ10B. These two human COQ10 paralogs are co-orthologous to yeast Coq10, which is
essential for CoQ function and is required for efficient de novo CoQ biosynthesis. Expression of
either one of the two human COQ10 paralogs restores CoQ function in yeast coq10 deletion
mutant, but neither is able to restore de novo CoQ production. This result implies divergent
functions of yeast Coq10 and its human COQ10 co-orthologs for CoQ production, and the
existence of a second protein that needs to function concurrently with Coq10 for efficient CoQ
biosynthesis in yeast. Chapter 3 explores CoQ biosynthesis in yeast mutants lacking the
endoplasmic reticulum (ER)-mitochondria encounter structure (ERMES) complex at the ER and
mitochondria membrane contact sites. In collaboration with Dr. Maya Schuldiner’s lab, we found
that the de novo production and distribution of CoQ in the ERMES deletion mutants are
distorted due to the destabilization of the CoQ synthome in the absence of ERMES complex.
Fluorescent microcopy data suggests close proximity of the CoQ synthome and the ERMES
complex, implying a spatially coordinated regulation of CoQ biosynthesis and distribution by two
closely apposed organelles. Chapter 4 examines the antioxidant property of CoQ. In
collaboration with Dr. Anne Murphy’s lab and Dr. Mikhail Shchepinov from Retrotope, Inc., We
showed that the yeast CoQ-less mutants are exquisitely sensitive to polyunsaturated fatty acid
(PUFA)-induced lipid peroxidation, and these CoQ-less mutants can be protected from oxidative
damage by substituting the exogenously supplied PUFA with isotope-reinforced PUFA with its
bis-allylic hydrogen replaced with deuterium atom. Chapter 5 studies CoQ biosynthesis and

CoQ synthome assembly in yeast mutants that have defects in cardiolipin biosynthesis and
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remodeling. Cardiolipin (CL) is a unique phospholipid that is found exclusively within the
mitochondrial membranes. In yeast, unmodified CL functions almost identically to remodeled
CL, and the CL remodeling process is thought to remove and repair damaged CL. The yeast
mutants with defects in CL biosynthesis and remodeling synthesize CoQ less efficiently, despite
that the CoQ synthome assembly is only marginally affected. Last but not least, Chapter 6
describes efforts made towards characterizing the biological function of Coq10 with preliminary
data collected with help from Kate Liu, Dr. Dyna Shirasaki, Dr. Frederik Lermyte, Dr. Brendan
Amer, and Alice Hsu. Collectively, my work explores the biosynthesis and molecular functions of

CoQ, and provides new insight into the regulation of CoQ production.
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Coenzyme Q (ubiguinone or CoQ) is an essential lipid that plays a role in mitochondrial
respiratory electron transport and serves as an important antioxidant. In human and yeast
cells, CoQ synthesis derives from aromatic ring precursors and the isoprene biosynthetic
pathway. Saccharomyces cerevisiae coqg mutants provide a powerful model for our under-
standing of CoQ biosynthesis. This review focusses on the biosynthesis of CoQ in yeast and
the relevance of this model to CoQ biosynthesis in human cells. The COQ7-COQ11 yeast
genes are required for efficient biosynthesis of yeast CoQ. Expression of human homologs
of yeast COQ7-COQ10 genes restore CoQ biosynthesis in the corresponding yeast cog
mutants, indicating profound functional conservation. Thus, yeast provides a simple yet ef-
fective model to investigate and define the function and possible pathology of human COQ
(yeast or human gene involved in CoQ biosynthesis) gene polymorphisms and mutations.
Biosynthesis of CoQ in yeast and human cells depends on high molecular mass multisub-
unit complexes consisting of several of the COQ gene products, as well as CoQ itself and
CoQ intermediates. The CoQ synthome in yeast or Complex Q in human cells, is essen-
tial for de novo biosynthesis of CoQ. Although some human CoQ deficiencies respond to
dietary supplementation with CoQ, in general the uptake and assimilation of this very hy-
drophobic lipid is inefficient. Simple natural products may serve as alternate ring precursors
in CoQ biosynthesis in both yeast and human cells, and these compounds may act to en-
hance biosynthesis of CoQ or may bypass certain deficient steps in the CoQ biosynthetic
pathway.

Introduction
Coenzyme Q (ubiquinone or CoQ) is a vital lipid component in mitochondrial energy metabolism. It is
a two-part molecule containing a long polyisoprenyl tail of n isoprene units positioning the molecule in
the mid-plane of membrane bilayer, and a fully substituted benzoquinone ring that undergoes reversible
reduction and oxidation. The redox chemistry of CoQ and CoQH, (ubiquinol, a hydroquinone) allows it
to play its best-known role in mitochondrial respiration, accepting electrons and protons from Complex
I or Complex II and donating them to Complex III, thereby establishing a proton gradient across the
mitochondrial inner membrane. CoQ also serves as an essential electron and proton acceptor in other
aspects of metabolism including fatty acid 3-oxidation, uridine biosynthesis, and oxidation of sulphide,
proline, glycerol-3-phosphate, choline, dimethylglycine, and sarcosine [1,2]. CoQHj also serves a crucial
antioxidant function, protecting membranes as a chain terminator of lipid peroxidation reactions, and in
the maintenance of reduced forms of vitamin E [1,3]. CoQ/CoQH, is a component of lipoproteins and
is present in all cellular membranes including the plasma membrane where it functions in cellular redox
regulation as part of the plasma membrane oxidoreductase system [1].

The focus of this review is on the biosynthesis of CoQg in the yeast Saccharomyces cerevisiae and
the relevance of this model to the biosynthesis of CoQjo in human cells. Readers are directed to other
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recent reviews that discuss the biosynthesis of CoQ in prokaryotes such as Escherichia coli [4], and in eukaryotes
including Schizosaccharomyces pombe, plants, Caenorhabditis elegans, Mus musculus, and humans [5-7]. For an
in-depth discussion of the effects of CoQq deficiencies and the clinical syndromes associated with these deficiencies,
readers are directed to the article by Brea-Calvo and colleagues [8] in this issue of Essays in Biochemistry.

Overview of CoQ biosynthesis

S. cerevisiae is an extraordinarily useful model for understanding the biosynthesis of CoQ. Early yeast classic and
molecular genetics combined with subcellular fractionation, biochemical assays, and lipid chemistry have helped to
identify many of the steps required for CoQ biosynthesis. In particular, the collection of respiratory deficient coq
mutants identified by Tzagoloff [9,10] set the stage for isolation and characterization of the yeast COQ genes. A
particular advantage is that the CoQ-less coq mutants are viable when cultured on growth medium containing a
fermentable carbon source, but are incapable of growth on medium containing a non-fermentable carbon source. In
most cases, expression of the human COQ (‘human polypeptide involved in CoQ;o biosynthesis) homolog restores
function in the corresponding yeast coq mutant. This rescue of yeast coqg mutants by human COQ genes is a powerful
and simple functional assay still being used to ascertain the effects of human mutations or polymorphisms on human
COQ gene function. Thus, what we have learned about the biosynthesis of CoQg in the yeast model is highly relevant
to the biosynthesis of CoQ; in humans (Figure 1).

The yeast model also provided early evidence that the eukaryotic CoQ biosynthetic pathway was localized to mi-
tochondria. The Coq (denotes S. cerevisiae polypeptide involved in CoQg biosynthesis) polypeptides are nuclear
encoded, and amino-terminal mitochondrial targetting sequences are needed to direct their transport to the mito-
chondrial matrix (Coql, Cog3-Coql1) or to the inner mitochondrial membrane (Coq2). Assembly of Coq3-Coq9
plus Coql1 polypeptides into a high molecular mass complex termed the CoQ synthome in yeast (Figure 2) and
Complex Q in human cells is another conserved feature of CoQ biosynthesis [7,11]. These complexes are essential for
the biosynthesis of CoQ in yeast and human cells, and may serve to enhance catalytic efficiency and to minimize the
escape of intermediates that may be toxic due to their redox or electrophilic properties. The CoQ-intermediates are
quite hydrophobic and at least some of them appear to be essential partners in the assembly of the membrane-bound
CoQ synthome [12] and Complex Q [7,13].

Ring precursors utilized in biosynthesis of CoQ

Origin of 4-hydroxybenzoic acid

In yeast and human cells, the primary precursor molecule that leads to the biosynthesis of CoQ is 4-hydroxybenzoic
acid (4HB). Yeast cells generate 4HB via the shikimate pathway, but also utilize tyrosine as a ring precursor [14].
Unlike yeast, human cells contain phenylalanine hydroxylase, and so either phenylalanine or tyrosine may be utilized
as precursors for the biosynthesis of 4HB. Many steps involved in the generation of 4HB from tyrosine are yet to be
characterized [15,16]. However, two recent studies have shed light on the first and the last steps involved in yeast
4HB biosynthesis [17,18]. The first step involves the deamination of tyrosine to 4-hydroxyphenylpyruvate (4-HPP),
catalyzed by either of the aminotransferases Aro8 or Aro9 [17]. Payet et al. [17] also identified 4-hydroxybenzaldehyde
(4HBz) as the final intermediate leading to the biosynthesis of 4HB. The oxidation of 4HBz to 4HB is catalyzed by
the aldehyde dehydrogenase Hfd1l. Hfd1 is a mitochondrial outer membrane protein [19] indicating that 4HB is
synthesized in the cytosol, and must be imported into the mitochondrial matrix, where it is incorporated into CoQ.
Hence, there should be a mitochondrial transporter for 4HB that remains to be identified [7], and is responsible for
use of exogenously added 4HB. Inactivation of HFDI results in CoQg deficiency that may be complemented by the
addition of exogenous 4HB. Expression of the human homolog ALDH3A1 restored CoQg biosynthesis in the hfd1
yeast mutant, and was shown to oxidize 4HBz to 4HB [17]. In an independent study Stefely et al. [18] confirmed
these findings; MS was used to characterize the proteomes, lipidomes, and metabolomes of a large selection of yeast
strains, each lacking a distinct gene related to mitochondrial biology. This multi-omic approach revealed that yeast
Hfd1 and human ALDH3AL1 serve as the aldehyde dehydrogenases responsible for the oxidation of 4HBz to 4HB. It
will be important to determine whether human ALDH3A1 is required for CoQ; biosynthesis in human cells; if so,
it may be a potential target gene that should be considered when screening for CoQ deficiencies in patients.

Other aromatic ring precursors of CoQ
In addition to 4HB, yeast utilize para-aminobenzoic acid (pABA) as a ring precursor of CoQg [20,21]. Yeast Coq6
and Coq9 polypeptides are required for this metabolism. Yeast Coq6 is required for the oxidative deamination of
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Figure 1. CoQ biosynthetic pathways in the yeast S. cerevisiae and in humans

The CoQ biosynthetic pathway has been shown to involve at least 14 nuclear-encoded proteins that are necessary for mitochondrial CoQ
biosynthesis in S. cerevisiae. Black dotted arrows denote more than one step. Solid arrows denote a single step attributed to the correspond-
ing yeast polypeptide named above each arrow. The corresponding human homologs are named below each arrow. The main ring precur-
sor used by both yeast and humans is 4-hydroxybenzoic acid (4HB). Yeasts synthesize 4HB de novo from chorismate or may obtain it from
the metabolism of tyrosine. Humans rely on tyrosine to produce 4HB (or on phenylalanine and phenylalanine hydroxylase to produce tyrosine).
Yeast and human cells produce isopentenyl pyrophosphate (IPP) and dimethylally pyrophosphate (DMAPP) as precursors to form hexaprenyl
diphosphate (n=6) via Coqg1 in yeast or decaprenyl diphosphate (n=10) via PDSS1/PDSS2 in humans. Yeast Cog2 and human COQ2 attach
the polyisoprenyl tail to 4HB. Subsequent to this step, the next three intermediates are identified as yeast hexaprenyl-intermediates: HHB,
3-hexaprenyl-4HB; DHHB, 3-hexaprenyl-4,5-dihydroxybenzoic acid; HMHB, 3-hexaprenyl-4-hydroxy-5-methoxybenzoic acid. The next three in-
termediates are hydroquinones: DDMQH,, 2-hexaprenyl-6-methoxy-1,4-benzenediol; DMQH,, 2-hexaprenyl-3-methyl-6-methoxy-1,4-benzenediol;
DMeQH,, 2-hexaprenyl- 3-methyl-6-methoxy-1,4,5-benzenetriol; to ultimately produce the final reduced product (CoQ,Hz). Red text identifies
para-aminobenzoic acid (pPABA) as an alternate ring precursor utilized by yeast (but not by humans). The next three intermediates are identi-
fied as yeast hexaprenyl-intermediates: HAB, 4-amino-3-hexaprenylbenzoic acid; HHAB, 4-amino-3-hexaprenyl-5-hydroxybenzoic acid; HMAB,
4-amino-3-hexaprenyl-5-methoxybenzoic acid. The next two intermediates are: IDDMQH;, 4-amino-3-hexaprenyl-5-methoxyphenol; IDMQH;,
4-amino-3-hexaprenyl-2-methyl-5-methoxyphenol. The step denoted by the red dotted arrow depends on yeast Cog6 and converts HHAB into
DHHB. Interconversion of (CoQnH>) and (CoQy) is shown via a reversible two-electron reduction and oxidation. Steps indicated by “???’ are cat-
alyzed by as yet unknown enzymes. Alternative compounds that may serve as ring precursors in CoQ biosynthesis are shown at the bottom of the
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panel: p-coumaric acid, resveratrol, and kaempferol. Analogs of 4HB that can function to bypass certain deficiencies in the CoQ biosynthetic path-
way include: 3,4-dihydroxybenzoic acid (3,4-diHB), vanillic acid and 2,4-dihydroxybenzoic acid (2,4-diHB). It is not yet known whether 2-methyl-4HB
(2-methyl-4HB) may also serve a bypass function.
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Figure 2. A model of the CoQ Synthome in the yeast S. cerevisiae

Studies in S. cerevisiae have provided evidence for a high-molecular mass multisubunit protein and lipid complex, the CoQ syn-
thome (see text for references). The Coq3-Coq9 and Coq11 polypeptides, designated in color, co-purify, and are members of this
complex that is peripherally associated with the matrix-side of the inner mitochondrial membrane. Coq1, Cog2, and Coq10 are in-
dividual polypeptides that do not associate with the complex (indicated in gray). Cogq1 and Cog2 synthesize the early intermediates
HHB and HAB (denoted by red hexagon with a gray hexaprenyl tail). Coq10 binds CoQ (and also late-stage CoQ-intermediates
denoted as blue hexagons with a gray tail), and functions as a chaperone for this hydrophobic lipid that normally resides at the
mid-plane of the membrane bilayer. The Cog3, Cog5, and Coq7 polypeptides are phosphorylated in a Cog8-dependent manner
(shown by “???°). The function of Cog8 is still under investigation; although part of a family of atypical kinases, Cog8 has been
shown to autophosphorylate, but not yet shown to phosphorylate any other proteins, in vitro or in vivo. It is speculated to have
ATPase function and potentially has the ability to phosphorylate lipids or other small molecules. Hence the phosphorylation of
Coq3, Coqg5, and Coq7 may be from Coq8 or be produced via another kinase that is recruited to the CoQ synthome to act upon
those particular polypeptides. In yeast, it has been shown that the phosphatase that dephosphorylates Coq7 is Ptc7s, the product
of the spliced form of PTC7 (not shown).

the ring nitrogen substituent [22]. Coq9 is also required for Coq6 activity, including the Coq6-mediated deamina-
tion function [23,24]. Analogs of 4HB, including 2,4-dihydroxybenzoic acid (2,4-diHB), 3,4-dihydroxybenzoic acid
(3,4-diHB) and vanillic acid may be incorporated into CoQg [16] (Figure 1). These analogs may allow for the bypass
of CoQg biosynthetic defects in certain yeast cog6 and coq7 mutants [16,24,25], as discussed in ‘Yeast and human
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genes essential for CoQ biosynthesis. Additional aromatic ring precursors incorporated into CoQg in yeast include
p-coumarate and the polyphenols resveratrol and kaempferol [26,27] (Figure 1), although the use of kaempferol by
yeast is very marginal.

In contrast, pABA is not utilized for CoQ synthesis by human or mouse cells [26], and instead it acts to inhibit
the incorporation of 4HB into CoQ [16,28,29]. In mammalian cells, p-coumarate, vanillic acid, 3,4-diHB, resveratrol,
and kaempferol also serve as CoQ ring precursors, with the difference that in this case kaempferol is a very efficient
precursor that is even able to up-regulate CoQqg and CoQq levels in human and mouse kidney cells [27]. While
the mechanism underlying the use of polyphenols is still unknown, it is clear that a highly specific process occurs
because other polyphenols with similar structures, such as piceatannol or apigenin, are not used for CoQ synthesis
in mammalian cells [27].

A hypothesis for the use of p-coumarate, resveratrol, and kaempferol as ring precursors of CoQ is that they are
metabolized to produce 4HB. The set of reactions that allow this conversion is not yet identified but, independent of
the metabolic route involved, an increase in alternative CoQ ring precursors in cells will only turn into higher CoQ
levels if cells have a low availability of endogenous 4HB, which is the primary precursor of CoQ. The fact that the
availability of 4HB is a rate-limiting step in the CoQ biosynthetic pathway has been previously described in yeast
and in mammalian kidney cells [21,27]. Supplementing mammalian kidney cells with exogenous 4HB resulted in an
increase in CoQ levels four- to six-fold higher as compared with the non-supplemented control [27]. This observation
led the authors to propose the possibility that increasing the availability of CoQ precursors in cells could move the
metabolic flux in favor of the biosynthesis of CoQ, helping to ameliorate the phenotype associated with certain Q
deficiencies.

Yeast and human genes essential for CoQ biosynthesis
Yeast COQ17; human PDSS1 and PDSS2

In yeast and human cells, the synthesis of the polyisoprenyl diphosphate tail derives from a non-sterol branch of the
mevalonate pathway [7]. Yeast Coql is responsible for the synthesis of the hexaprenyl diphosphate tail moiety from
the precursors dimethylallyl diphosphate and isopentenyl diphosphate [30]. The Coql polypeptide is peripherally
associated with the matrix side of the inner mitochondrial membrane [31]. The analogous polyprenyl diphosphate
synthases in other species determine the tail length (1) of the CoQ,, (ubiquinone-n or coenzyme Q,, (refers to a specific
isoform, where n is number of isoprenyl units in the tail of CoQ,, e.g. CoQyq in humans, CoQg in S. cerevisiae))
produced [32], and when expressed in yeast direct the synthesis of corresponding isoforms of CoQ, [33]. The yeast
Coql polypeptide is not associated with the CoQ synthome, but its lipid product is essential for the formation and/or
stabilization of this complex [31,34].

PDSS1 and PDSS2 form a heterotetramer responsible for the synthesis of the decaprenyl-diphosphate tail precur-
sor used to synthesize CoQjo in human cells [35]. Patients with partial deficiencies in PDSS1 [36] and PDSS2 [37]
show severe disruptions in multiple organ systems. As reviewed in this volume [8], the complexity of phenotypes is a
hallmark of mitochondrial deficiency diseases.

Yeast COQ2; human COQ2

The yeast Coq2 polypeptide is required for the attachment of the polyisoprenyl ‘tail’ to 4HB [38]. In yeast, Coq2 gen-
erates 3-hexaprenyl-4-hydroxy benzoic acid (HHB; Figure 1), the first polyisoprenylated ring CoQ-intermediate in
the biosynthetic pathway. This early hydrophobic CoQ-intermediate was found to accumulate in many of the yeast
coq null mutants, including the cog3-cogq9 null mutants [39,40]. Coq2 is imported into mitochondria via the Tim23
pathway [41], and is an integral membrane protein of the inner mitochondrial membrane [34]. It was originally hy-
pothesized that Coq2 might serve to anchor the CoQ-synthome to the inner mitochondrial membrane [11], however
there is no evidence that Coq2 is associated with the other Coq polypeptides that assemble into the CoQ-synthome
[12]. Instead it appears that polyisoprenylated CoQ-intermediates produced by Coql and Coq2 are important for the
stabilization of the CoQ synthome [34] (Figure 2).

Forsgren et al. [42] isolated human COQ2 cDNA and showed its expression in a yeast coq2 null mutant restored
CoQg biosynthesis. Recently, Desbats et al. [43] have defined the 5’ transcription start sites of the human COQ2
transcript, indicating that of four potential upstream ATG translation initiation codons, the first two are rarely (if
ever) used and that it is the fourth ATG that is in fact predominant. All isoforms of COQ2 were shown to co-localize
to mitochondria. This finding argues against the previous hypothesis that the shorter COQ2 isoforms may represent
non-mitochondrial polypeptides that may mediate cytoplasmic prenylation of 4HB [42]. The predominant use of the
fourth ATG results in a shorter COQ2 polypeptide and the authors suggest new numbering that should be used to
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designate mutations of human COQ2 [43]. Desbats et al. [43] found a good correlation between disease severity in
patients and the effect of COQ2 mutations on the decreased production of CoQg in a yeast complementation assay.
Patients who harbored two alleles that markedly impair CoQ biosynthesis manifested multisystem severe clinical
symptoms at birth or infancy, while patients who had a least one allele with residual CoQ biosynthesis manifested
isolated steroid resistant nephrotic syndrome (SRNS) or adult onset encephalopathy [43].

Based on two structures determined for prokaryotic homologs of COQ2 (UbiA family aromatic prenyltransferases),
human COQ2 is proposed to contain nine transmembrane helices [43]. The C-terminus of human COQ2 resides in
the intermembrane space in mitochondria of HEK293 cells [43]. A recent structural model is compatible with this
suggestion and predicts that the active site of human COQ2 faces the matrix [44]. Two of the disease-related mutations
(given in the old nomenclature) are posited to interfere with the binding of the polyisoprenyl diphosphate (R197H)
or to clash with the Mg?* ions that participate in catalysis (A302V) [44].

A recent study by Herebian et al. [45] demonstrated that supplementation with 4HB fully restores endogenous
CoQo biosynthesis in partially deficient COQ2 human fibroblasts harboring homozygous mutant alleles, including
the A302V severe allele. Based on an in silico model of human COQ2, the authors identified several binding sites
for 4HB and posited a channel for 4HB transport across the inner mitochondrial membrane. The authors proposed
that the rescue of CoQ synthesis in fibroblasts from COQ2-deficient patients by treatment with 4HB may represent
amelioration of a 4HB transport deficit and/or an enhancement of activity by increased supply of the ring substrate
[45]. It will be important to experimentally determine whether the COQ2 polypeptide also functions as a 4HB trans-
porter. In addition to restoring CoQ levels, the 4HB treatment also increased the steady state levels of COQ4 and
COQY7 proteins involved in CoQ biosynthesis, and enhanced cell viability in response to stress conditions. This find-
ing makes sense in light of the important role that CoQ and CoQ-intermediates play in stabilizing the CoQ-synthome
in yeast and Complex Q in human cells [7,12,34]. This rescue of COQ2-deficient cells by 4HB treatment is quite strik-
ing and deserves further testing as a potential therapy. Even a small enhancement in the biosynthesis of CoQ is able
to restore a wide array of phenotypes associated with CoQ deficiency [46].

Yeast COQ3; human COQ3

Yeast Coq3 is an S-adenosylmethionine (AdoMet)-dependent methyltransferase required for the two O-methylation
steps of CoQ biosynthesis [47-49]. Coq3 is peripherally associated with the matrix-side of the mitochondrial inner
membrane [49]. Recent studies reveal that E. coli UbiG, a functional homolog of Coq3, binds to liposomes containing
cardiolipin [50]. Structural determination of UbiG identifies it as a seven (3-strand AdoMet-dependent methyltrans-
ferase that contains an unusual insertion sequence that mediates UbiG binding to membranes, and is required for
CoQ biosynthesis [50].

Assays with farnesylated analogs of CoQ-intermediates provided early evidence that a complex of yeast Coq
polypeptides is required to observe the Coq3 O-methyltransferase activity and hence CoQ biosynthesis [39,51].
Recovery of the yeast Coq3-consecutive non-denaturing affinity purification (CNAP) tagged polypeptide from
digitonin-solubilized mitochondrial extracts showed that it co-purified with Cog4, Coq5, Cog6, Coq7, Coq9, and
Coql1 polypeptides, in a high molecular mass complex that contained CoQg and several CoQg-intermediates [12].
Thus Coq3 is an integral member of the CoQ synthome in yeast. The phosphorylation state of Coq3 may modulate
the stability of the Coq3 polypeptide and that of the CoQ synthome [52,53]. Overexpression of Coq8, an atypical
putative protein kinase, has been shown to stabilize several Coq polypeptides and the CoQ synthome in certain yeast
coq null mutants [24,34]. Indeed, overexpression of Coq8 in the yeast cog3 null mutant increased steady state lev-
els of the Coq4, Coq6, Coq7, and Coq9 polypeptides, and stabilized the CoQ synthome. Treatment of cog3 null
mutants overexpressing Coq8 with vanillic acid (a 4HB analog that should bypass the first hydroxylation and first
methylation steps) resulted in the production of the late stage CoQ-intermediate DMQg [24] (Figure 1). This finding
indicates the potential difficulties in using analogs of 4HB to bypass deficiencies in Cog3, due to its involvement in
two O-methylation steps, and to the apparent absence of Coq7 hydroxylase activity. It is tempting to speculate that
treatment with 2,3-dimethoxy-4HB might serve to bypass both O-methyltransferase deficient steps in the coq3 null
mutant. Such bypass would require that this analog could still be prenylated by Coq2, and subjected to decarboxyla-
tion, hydroxylation and C-methylation steps.

Expression of human COQ3 in yeast coq3 null mutants rescued growth on a non-fermentable source and par-
tially restored the biosynthesis of CoQg [54]. Assays with farnesylated analogs of CoQ-intermediates showed that
mitochondria prepared from coq3 null mutant yeast expressing human COQ3 performed both O-methylation steps
[54]. Many lines of evidence indicate a similar Complex Q containing the COQ3-COQ9 polypeptides is involved in
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human CoQ, biosynthesis [7]. So far, no mutations causing primary CoQ deficiency have been reported for the
human COQ3 gene.

Yeast COQ4; human COQ4

Yeast Coq4 is required for CoQg biosynthesis in yeast, and is peripherally associated with the inner mitochondrial
membrane on the matrix side [55]. It is thought to serve as a scaffold or organizer for the CoQ synthome [34,56],
as it is associated with Coq3, Cog6, and Coq9 [12,51,57]. No enzyme activity or exact function has been associated
with the Coq4 polypeptide. A known crystal structure of the Coq4 domain, determined as part of the structural ge-
nomics effort (PDB: 3KB4, Northeastern structural genomics program) identified long hydrophobic « helices bound
to a geranylgeranyl monophosphate lipid. A conserved HDxxHx;o_;3E motif [56] chelated a magnesium ion (Mg**)
near to the phosphate head group [57]. From this structure, the function of Coq4 is speculated to bind the long poly-
isoprenyl tail of CoQ-intermediates and/or CoQ and to organize the enzymes that perform the ring modifications
[34,57] (Figure 2).

Human COQ4 was shown to be a functional ortholog of yeast Cog4, and is capable of restoring CoQg biosynthesis
in the yeast coq4 null mutant [58]. Distinct COQ4 RNA transcripts indicated the potential for two different isoforms
of the human COQ4 polypeptide; the longest isoform was shown to possess a mitochondrial targetting sequence, was
localized to mitochondria in HeLa cells, and restored CoQg biosynthesis in the yeast coq4 null mutant. The functional
significance of the shorter isoform is not known; it lacks the mitochondrial targetting sequence and failed to rescue
coq4 mutant yeast.

Patients who harbor two recessive CO Q4 mutant alleles exhibit a broad spectrum of mitochondrial disorders asso-
ciated with CoQ deficiencies [59]. Intriguingly, haploinsufficiency of COQ4 also causes CoQ; deficiency in both
human and yeast diploid cells [60]. Recently a heterozygous missense E161D mutation in COQ4 was reported in a
patient with lethal rhabdomyolysis; introduction of the missense mutation was introduced to iPSCs, and recapitulated
the muscle-specific CoQ;q deficiency [61].

Yeast COQ5; human COQ5

The yeast Coq5 polypeptide is an AdoMet-dependent methyltransferase required for the C-methylation step of CoQ
biosynthesis [62,63]. It is peripherally associated with the matrix-side of the mitochondrial inner membrane [64].
Dai et al. [65] determined the structure of yeast Coq5; it has a typical seven [3-strand AdoMet methyltransferase
structure, and the protein was crystallized both in the presence and absence of AdoMet. The catalytic mechanism is
yet to be determined; based on modeling the authors proposed an active site highly conserved Arg?’! or Tyr’® act to
deprotonate a water molecule that then acts as the base to deprotonate the C5-ring H from DDMQgH, [65]. Yeast cog5
point mutants that harbor mutations in the Class I methyltransferase motifs result in a loss of C-methyltransferase
function, but retain steady state levels of the Coq5 polypeptide, and of the Coq polypeptide partner proteins of the
CoQ synthome. In contrast, these CoQ synthome partner proteins are destabilized in the cog5 null mutant [64].
Overexpression of Coq8 in the coq5 null yeast mutant results in the increased steady-state levels of the Coq4, Coq7,
Coq9 polypeptides, the stabilization of the CoQ synthome, and the accumulation of DDMQgH,, the substrate of
Coq5 [24,34] (Figure 1). It is possible that the 4HB analog 2-methyl-4-BH might function to bypass the defect in
coq5 point mutants with stable Coq5 polypeptide, however, this has not yet been tested.

Regulated expression of yeast Coq5 is necessary for the correct assembly of the CoQ synthome. Recently, two
mechanisms of COQ5 post-transcriptional regulation have been elucidated. The RNA binding protein Puf3 regulates
the translation of appropriate amounts of Coq5 so the CoQ synthome can be assembled [66]. Oct1 is a mitochondrial
matrix-localized protease that removes eight residues from the amino-terminal mitochondrial targetting sequence of
Cog5 and is essential for formation of the mature amino-terminus of Coq5 and its stability [67]. There is also evidence
that yeast Coq5 is phosphorylated in a Coq8-dependent manner [53].

Expression of the human COQ5 polypeptide was found to rescue the CoQg biosynthetic defect of the cog5 point
mutants or in a coq5 null mutant overexpressing Coq8, but not a coq5 null mutant [68]. Thus, human COQ5 is an
ortholog of yeast Coq5, but can rescue yeast only when the other yeast Coq partner proteins are present and the CoQ
synthome is assembled. Primary CoQ,o deficiency has been recently diagnosed due to a partial loss of function of
COQ5 [69]. The deficiency is shown to be due to a duplication of the COQ5 gene, and that due to alternative splicing
appears to generate an unstable COQ5 mRNA with a long 3’-UTR. Steady state levels of the COQ5 polypeptide were
dramatically decreased in fibroblasts from the affected homozygous patients as compared with controls. The affected
patients had variable degrees of cerebellar ataxia, and showed a modest decrease in the levels of CoQq in peripheral
blood leukocytes, and a more dramatic decrease in CoQ;q levels in a skeletal muscle biopsy [69]. The reduction in
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CoQq levels is consistent with the observation that decreases in COQ5-containing mitochondrial protein complex
impairs the production of CoQ [70].

Yeast COQ6; human COQ6

The yeast Coq6 polypeptide is characterized as a flavin-dependent monooxygenase [71]. Conserved catalytic regions
in Coq6 include the ADP binding fingerprint, the NAD(P)H/FAD binding motif, and the ribityl binding region [71].
Yeast Coq6 co-purifies with a tightly bound FAD, and modeling studies are consistent with its proposed activity as a
ring hydroxylase [72]. Yeast Coqo6 is responsible for the first hydroxylation step (ring C5) in CoQ biosynthesis [73].
It is also necessary for the deamination of ring C4 in S. cerevisiae when pABA is used an aromatic ring precursor
[22]. The yeast Coq6 polypeptide is peripherally associated with inner mitochondrial membrane on the matrix side
[71], and associates with Cog4, Coq5, Coq7, Coq8, and Coq9 polypeptides of the CoQ synthome [12]. Recent inves-
tigations discovered a physical association of Coq6 with Cog8 [12]. Yeast coq6 point mutants that affect the active
site but preserve steady state levels of the Coq6 polypeptide and assembly of the CoQ synthome may be rescued by
providing alternate ring precursors such as 3,4-diHB and vanillic acid (Figure 1). These alternate ring precursors,
once prenylated by Coq2, allow the defective cog6 step to be bypassed [73]. Such bypass is also effective in coq6 null
yeast mutants provided yeast COQS8 is overexpressed [24].

The human homolog COQS6, is able to rescue a yeast coq6 null mutant [25,74], and interacts with human COQ8B
(ADCK4) and COQ7 [75]. Yeast coq6 null mutants expressing certain hypomorphic mutations of human COQ6
are rescued by treatment with either 3,4-diHB or vanillic acid [25]. The effectiveness of such bypass therapies as
treatments for patients with mutations in COQ6 remains to be explored. It seems possible that these alternate ring
precursors might serve to restore endogenous CoQ biosynthesis in patients with COQ6 deficiencies.

Mutations in human COQ6 have been implicated in an autosomal recessive disease characterized by severe pro-
gressive nephrotic syndrome and deafness [74]. It has been suggested that kidney biopsy should be performed on
young children present with SRNS and sensorineural hearing loss [76]. The rationale for this suggestion is that the
abnormal mitochondria in podocytes may provide an early diagnostic clue of mutations in CoQ biosynthetic genes.
Supplementation with high doses of CoQ;q can stop the progression of kidney disease, and this therapy should be
started immediately at first suspicion of CoQq deficiency [76,77].

Yeast YAH1 and ARH1; human FDX1, FDX2, and FDXR

Unlike most flavin-dependent monooxygenases that utilize NAD(P)H directly as a source of electrons, the electrons
from NAD(P)H are funneled indirectly to yeast Coq6 via the coupled system of ferredoxin (Yah1l) an iron-sulphur
protein, and ferredoxin reductase (Arhl) [73]. Yeast engineered to be transiently depleted in Yahl or Arhl were
shown to be defective in the same C5 ring-hydroxylation step, and to accumulate the same polyisoprenylated
ring-intermediates as yeast mutants harboring inactive coq6 alleles [21,73]. YAHI and ARH1 are essential genes
in yeast, and in addition to CoQ biosynthesis, are also required for iron-sulphur cluster biosynthesis [78].

There are two human homologs of yeast Yahl - FDX1 and FDX2. Human FDX2 was shown to complement the
iron-sulphur cluster biosynthetic defect of Yah1 depleted yeast [79]. However, neither human FDX1 nor FDX2 were
able to complement the CoQg biosynthetic defect of Yah1 depleted yeast [73]. The human homolog of Arh1 is termed
as FDXR, which functions as an electron transfer protein in cholesterol biosynthesis and overall steroid metabolism,
as well as iron-sulphur cluster biosynthesis [78]. Whether FDX1, FDX2, or FDXR function to assist human COQ6
catalytic activity in the biosynthesis of CoQ is not yet known.

Yeast COQ7 (CAT5) and PTC7; human COQ7 (CAT5, CLK-1) and PPTC7
Yeast Coq7 is a hydroxylase responsible for catalyzing the penultimate step of the CoQ biosynthetic pathway [80-82].
The hydroxylase activity depends on a carboxylate-bridged diiron binding motif, first identified as a highly conserved
sequence across a wide array of organisms, and predicted to mediate hydroxylation similar to other members of the
carboxylate-bridged diiron protein family, such as methane monoxygenase, ribonucleotide reductase, and phenol-
hydroxylase [82]. Modeling predicted Coq7 to be a four-helix bundle protein with an additional helix mediating an
interfacial association with the membrane [82]. Experiments with isolated mitochondria and mitoplasts show yeast
Coq7 polypeptide is peripherally associated with inner mitochondrial membrane on the matrix side [34].
Expression of human COQ7 rescues the CoQg deficiency of yeast coq7 null mutants [83], indicating profound
conservation of function. Overexpression of a soluble fusion protein containing human COQ7 polypeptide fused to an
immunoglobulin-binding domain of protein G was purified (termed as GB1-hCLK-1) and spectroscopic and kinetic
methods provided evidence for the presence of the diiron center [84]. Binding of the substrate analogs DMQ, or
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DMQ); to GB1-hCLK1 mediated the reduction in the diiron site by NADH and in the presence of O, the hydroxylation
step was catalyzed [84].

Yeast coq”7 null mutants accumulate the early CoQ-intermediates HHB and HAB, while coq7 point mutants [80]
and coq7 null mutants overexpressing Coq8 accumulate DMQg the penultimate intermediate in the pathway [24,85].
Expression of the unrelated E. coli UbiF hydroxylase rescued a coq” point mutant, but failed to rescue the coq7 null
mutant [86]. These findings indicated Coq7 is an important polypeptide partner of the CoQ synthome; indeed, Coq7
co-purifies with tagged forms of Coq3, Coq6, and Coq9 polypeptides [12].

A mutation in the human COQ7 gene is associated with a primary ubiquinone deficiency, and results in multiple
organ involvement [87]. Interestingly, the deficiencies in CoQo content and mitochondrial respiratory activities in
fibroblasts isolated from this patient were improved following treatment with 2,4-diHB, a 4HB analog that bypasses
the COQ7-dependent hydroxylase step [87]. The effectiveness of treatment with 2,4-diHB depends on the type of
COQ7 mutation(s) present in patients [88]. It is likely that the success of these bypass therapies will depend on the
stable presence of other COQ polypeptides and their ability to form the CoQ synthome (or complex Q) [16,24].
Regulated expression of COQ?7 has been shown to impact the rates of CoQ; biosynthesis, both at the level of NF-kB
transcriptional up-regulation of COQ?7 gene expression [89], and at the level of RNA binding proteins that mediate
stability of COQ7 mRNA [90]. The regulated expression of COQ7 and the other component polypeptides of the CoQ
synthome seem likely to influence its assembly and function, and so impact biosynthesis of CoQyq.

Yeast Coq7 is modified by phosphorylation [12,53]. Predictive algorithms suggested that the phosphorylation status
of Coq7 was regulatory for CoQg biosynthesis, with at least three predicted phosphorylation sites on Ser?’, Ser®®, and
Thr*? [91]. When these residues are replaced with alanine, phosphorylation was abolished and CoQg levels were
significantly increased in yeast expressing Coq7 with the triple-Alanine substitution. In contrast, yeast expressing the
Coq7 with substitution of acidic residues at these residues (Asp?’, Glu?®, and Asp*) had decreased levels of CoQs
and accumulated DMQg, indicating that the non-phosphorylatable form of Coq7 is the active form that catalyzes
the penultimate pathway step [91]. Other sites of phosphorylation may also influence Coq7 activity; yeast expressing
Coq7 harboring the phosphomimetic Ser!*Glu substitution also produced lower amounts of CoQg and accumulated
DMQ; [92].

The phosphatase responsible for Coq7 dephosphorylation is Ptc7, a bona fide mitochondrial serine/threonine pro-
tein phosphatase belonging to the PPM family of phosphatases [93]. It was recently discovered that two distinct forms
of PTC7 RNA exist, spliced and non-spliced forms, displaying a rare case of alternative splicing in yeast that results in
two viable isoforms of a spliced protein [94,95]. The previously reported Ptc7 phosphatase was shown to be the spliced
form (Ptc7,) that resides in the mitochondria, while the non-spliced form (Ptc7,) is a nuclear membrane localized
protein that contains a transmembrane helix that anchors it to the nuclear membrane [94]. Exclusive expression of
Ptc7 showed significantly higher de novo CoQ biosynthesis, as compared with Ptc7,,. These findings suggest that
the mitochondrial targetting of the Ptc7s results in Coq7 dephosphorylation, and allows Coq7 to catalyze the penul-
timate step of the CoQ biosynthetic pathway [95]. Ptc7s acts to dephosphorylate other mitochondrial proteins, and
deletion of ptc7 perturbs mitochondrial function [96]. PPTC7 is the human serine/threonine phosphatase homolog
of yeast Ptc7, however it is not known whether phosphorylation regulates human COQ?7, and if so, whether PPTC7
recognizes it as a substrate.

Yeast COQ8; human COQ8A (ADCK3) and COQ8B (ADCK4)

The S. cerevisiae Coq8 polypeptide is identified as a putative kinase in the biosynthetic pathway of CoQs. Coq8
harbors six of twelve motifs present in protein kinases and is required to observe the presence of phosphorylated forms
of Coq3, Coq5, and Coq7 polypeptides [53]. Coq8 co-purifies with the CoQ synthome [12]. Further, overexpression
of Coq8 in certain of the coq null strains restores steady state levels of Coq4, Coq7, and Coq9, and stabilizes the
formation of the CoQ synthome [24,34].

Expression of human COQ8A (ADCK3) in yeast cog8 mutant strains restored CoQg biosynthesis and the phos-
phorylation state of several of the yeast Coq polypeptides, indicating a profound conservation of function [53]. Rescue
of yeast coq8 mutants by human COQ8A depended on fusion to a yeast mitochondrial targetting sequence [53]. Yeast
Cog8 and human COQS8A are homologs of atypical protein kinases. These proteins are able to autophosphorylate and
show a surprising affinity and selectivity for ADP, as opposed to ATP [97]. Human COQ8A lacks in vitro protein
kinase activity and instead shows ATPase activity that is essential for CoQ biosynthesis [98]. The ATPase activity is
strongly activated by cardiolipin and small molecule mimics of CoQ intermediates [99]. Thus, the ATPase function
of yeast Coq8 and human COQ8A is proposed to function in a chaperone-like activity to facilitate the assembly of
the CoQ synthome and de novo [65] biosynthesis of CoQ [99].
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Expression of human COQ8B (ADCK4) also rescues CoQg biosynthesis in yeast cog8 mutants [100]. Although
the amino terminus of COQ8B has a typical mitochondrial matrix targetting sequence, rescue of cog8 mutant yeast
by COQ8B depends on the addition of a yeast mitochondrial targetting sequence [100]. The effect of a COQ8B poly-
morphism present in 50% of the European population (COQ8B-H174R) was tested in the yeast expression model.
Yeast coq8 mutants expressing the human COQ8B-His'”* polypeptide had decreased steady state levels of the COQ8B
polypeptide, decreased growth on medium containing a non-fermentable carbon source, and decreased CII + CIII
activity as compared with mutants expressing the COQ8B-Arg!”* polypeptide [100]. Thus, it is possible that this
common COQ8B polymorphism may represent a risk factor for secondary CoQ; deficiencies. Various human dis-
eases are directly associated with mutations in the COQ8A and COQ8B genes. Most prevalent are recessive ataxia
and childhood-onset cerebellar ataxia associated with mutated COQ8A [101,102], and a steroid-resistant nephrotic
disease related to mutated COQ8B [75,100].

Yeast COQ9; human COQ9

In S. cerevisiae, Coq9 is required for CoQ biosynthesis, is a member of the CoQ synthome, and is peripherally as-
sociated with the inner mitochondrial membrane, on the matrix side [34,103]. A temperature-sensitive coq9 mutant
(coq9-ts19) shifted to the non-permissive temperature results in the disassembling of the CoQ synthome, demon-
strating that Coq? is essential for the formation and stabilization of the high-molecular mass complex [23]. Coq9 is
required for the deamination of Carbon 4 on CoQ-intermediates when pABA is utilized as the ring precursor in yeast
[23]. The removal of the ring nitrogen substituent depends on the function of Coq6, and yeast with coq9 mutations
accumulate 3-hexaprenyl-4-aminophenol (4-AP), an intermediate that has also been shown to build up in a coq6 null
mutant overexpressing CO Q8 [24]. It is therefore likely that both Coq6 and Coq9 are needed for the 5-hydroxylation
and 4-deamination steps of CoQ-intermediates. Additionally, an accumulation of late-stage intermediates suggests
Coq7 is not active in the absence of Coq9 [6,24]. In summary, the yeast Coq9 polypeptide is required for both Coq6
and Coq7 hydroxylation steps, via an indirect or supportive role.

Attempts to rescue yeast coq9 null mutants by expression of human COQ9 have so far failed [104-106]. However,
expression of human COQ9 rescued the yeast cog9-ts19 mutant [106]. Under these conditions, a small amount of the
human COQ9 polypeptide enhanced the synthesis of CoQg from 4HB (but not from pABA) and co-purified with the
yeast Coq6-CNAP tagged polypeptide, indicating that human COQ9 is able to interact with the yeast CoQ synthome.

The presence of both human COQ9 and human COQ?7 are needed for the hydroxylation step catalyzed by COQ7,
and the two polypeptides interact [13]. Human cells with deficiencies in COQ9 accumulate DMQ,, the same in-
termediate that accumulates in COQ7 deficient cells [107]. Both COQ7 and COQ9 deficient cell lines respond to
treatment with 2,4-diHB, another example of bypass therapy [108,109]. In fact, human fibroblasts with mutations in
COQY show decreased steady state levels of the COQ7 polypeptide [109]. Interestingly, treatment with vanillic acid
also restored function in the COQ9 deficient cells, but not the COQ?7 deficient cells [108]. Perhaps human COQ9 and
COQ6 function may also be linked, similar to the situation in yeast. In humans, CO Q9 mutations result in various dis-
ease states, including predominant encephalomyopathy and an autosomal-recessive neonatal-onset CoQ deficiency
[104,107].

Yeast and human genes required for efficient CoQ

biosynthesis
Yeast COQ170; human COQ710A, COQ10B

Unlike the completely CoQ-less cogql-coq9 null mutants, the yeast cog10 null mutant produces near wild-type
levels of CoQ at stationary phase, but synthesizes CoQ less efficiently during log phase growth [110,111]. While
CoQ is eventually produced at near normal levels, the coq10 null mutant still has severe defects in respiratory elec-
tron transport and is sensitive to treatment with polyunsaturated fatty acids, phenotypes that are hallmarks of the
coql-coq9 null mutants [110]. Thus, even though CoQg content is similar to that of wild-type yeast, Coq10 is re-
quired for efficient function and biosynthesis of CoQg. The Coql10 polypeptide contains a steroidogenic acute regu-
latory (StAR)-related lipid transfer (StART) domain, and binds CoQ and late-stage CoQ-intermediates both in vitro
and in vivo, suggesting Coql0 may function as a lipid chaperone involving delivery of CoQ from: site of synthesis to
sites of function [110-114].

Humans have two homologs of yeast COQ10, namely COQI0A and COQ10B. Each isoform has several transcript
variants as a result of alternative transcription initiation and/or alternative splicing [6]. The function of the COQ10
polypeptide is widely conserved across different organisms; expression of homologs from either Caulobacter cres-
centus or human COQ10A rescue the impaired growth of yeast cog10A mutant yeast [110]. Currently, there is no

11



Essays in Biochemistry (2018) 62 361-376 °
https:/doi.org/10.1042/EBC20170106 ° .. FF?ERSELAND

known disease phenotype associated with mutations in human COQ10A or COQ10B. However, the postulated lipid
chaperone function of COQ10A and COQ10B makes these polypeptides intriguing targets for study of the movement
of CoQ between mitochondrial membranes and the respiratory complexes.

Yeast COQ11; human NDUFA9

COQI1 (YLR290C) was recently identified to be required for efficient de novo CoQ biosynthesis in S. cerevisiae.
Affinity purification of CNAP-tagged Coql1 showed Coql1-CNAP co-purified with Cog4, Coq5, and Coq7 - mem-
bers of the high molecular mass CoQ synthome [12]. A separate high throughput study also identified Coql1 as a
mitochondrial protein, confirming its localization to the portion of the cell where CoQ is synthesized [115]. Due
to its novelty, the functional roles, organization, and stoichiometry of Coql1 within the CoQ-synthome are not yet
fully understood. However, numerous features of Coq11 and its homologs solidify its link to CoQ biosynthesis. In five
fungal genomes, the existence of Coq11-Coql0 fusion proteins suggests these proteins may have a functional relation-
ship [12]. High throughput studies found COQ11 to have a genetic correlation with both COQ2 and COQ10, which
further supports this hypothesis [115]. Sequence analyses establish Coql1 as a member of the atypical short-chain
dehydrogenase/reductase superfamily of oxidoreductases (SDR). SDR superfamily proteins contain a conserved Ross-
mann fold, a protein structural motif used to bind nucleotide co-factors such as FAD, FMN, and NAD(P) [116]. This
bound co-factor is then used to assist the protein in its catalysis of different chemical reactions including isomeriza-
tion, decarboxylation, epimerization, imine reduction, and carbonyl-alcohol oxidoreduction [116,117]. It is therefore
tempting to speculate that Coql1 may use its Rossmann fold to perform enzymatic reactions within the CoQ biosyn-
thetic pathway.

Interestingly, a protein similarity network analysis reveals that the taxonomy of YLR290C-like proteins includes
the SDR subfamily protein NDUFAY, an auxiliary subunit of Complex I in humans important for complex stability
[12,118-120]. Patients with decreased levels of NDUFA9 are unable to assemble Complex I properly and may develop
a degenerative infancy respiratory disorder known as Leigh syndrome, which is often fatal in the first years of life
[121,122]. Differences in NDUFA9 deficiency produce phenotypic variations in patients [46]. It will be challenging
to evaluate whether NDUFA9 deficiencies impact CoQ biosynthesis directly, because the deficiencies resulting from
Complex I defects (and other mitochondrial defects) may secondarily influence CoQ biosynthesis [123,124]. Further
exploration of Coql1 homology with NDUFA9 will help define their functional relationship.

Summary
e The COQ7-COQ11 genes identified in the S. cerevisiae yeast model are required for efficient biosyn-
thesis of CoQg.

e Expression of human homologs of yeast COQ7-COQ10 genes restore CoQ biosynthesis in the cor-
responding yeast coqg mutants, indicating profound functional conservation.

e Yeast provides a simple yet powerful model to investigate and define the function and possible pathol-
ogy of human COQ gene polymorphisms and mutations.

e Simple natural products may serve as alternate ring precursors in CoQ biosynthesis, and these com-
pounds may act to enhance biosynthesis of CoQ or may bypass select deficient steps.

e Biosynthesis of CoQ in yeast and human cells depends on high molecular mass multi-subunit com-
plexes consisting of several of the COQ gene products, as well as CoQ itself and CoQ-intermediates.

e Thus the CoQ synthome in yeast, or Complex Q in human cells is essential for de novo biosynthesis
of CoQ.
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CHAPTER 2

Human COQ10A and COQ10B are distinct lipid-binding START domain proteins

required for coenzyme Q function
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ABSTRACT

Coenzyme Q (ubiquinone or CoQ) serves as an essential redox-active lipid in respiratory
electron and proton 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; CoQ1, supplementation in particular has noted
cardioprotective benefits. In Saccharomyces cerevisiae, Coq10, a putative START domain
protein, is believed to chaperone CoQ to sites where it functions. Yeast coq70 deletion mutants
(coq104) synthesize CoQ inefficiently during log phase growth, are respiratory defective and
sensitive to oxidative stress. Humans have two orthologs of yeast COQ70, COQ70A and
COQ10B. Here, we tested the human co-orthologs for their ability to rescue the yeast mutant.
We showed that expression of either human ortholog, COQ10A or COQ10B, rescues yeast
coq10A mutant phenotypes, restoring the function of respiratory-dependent growth on a non-
fermentable carbon source and sensitivity to oxidative stress induced by treatment with
polyunsaturated fatty acids. These effects indicate a strong functional conservation of Cog10
across different organisms. However, neither COQ10A nor COQ10B restored CoQ biosynthesis
when expressed in the yeast coq70A mutant. The involvement of yeast Cog10 in CoQ
biosynthesis may rely on its interactions with another protein, possibly Cog11, which is not
found in humans. Co-expression analyses of yeast COQ170, and human COQ70A and COQ10B
provide additional insights to functions of these START domain proteins, and their potential

roles in other biologic pathways.
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INTRODUCTION

Coenzyme Q (CoQ) is a lipid composed of a fully substituted, 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 reduction 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 enzymes involved in fatty acid f-oxidation, oxidation of proline, sulfide, and
pyrimidine biosynthesis (1-3). The reduced 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 complex known as the CoQ synthome (a.k.a.,
Complex Q) in eukaryotes, or the Ubi metabolon in E. coli (4-6). In Saccharomyces cerevisiae,
currently known members of the CoQ synthome consist of Coq3-Cog9 and Coq11 (4, 5).
Together, they modify the quinone head group through a series of methylation (Cog3 and
Cog5), deamination (Coq6, Coq9), and hydroxylation (Cog6, Coq7, Coq9) reactions (4, 5). The
definitive functions of the remaining members of the CoQ synthome (Cog4, Coqg8, and Coq11)
are yet to be fully characterized. Attachment of the polyisoprenoid chain to the aromatic ring
precursor precedes the ring modification steps. Coq1, a hexaprenyl pyrophosphate synthetase
condenses farnesyl pyrophosphate (FPP) with three molecules of isopentenyl pyrophosphate
(IPP) to form hexaprenyldiphosphate, which is transferred to the 4-hydroxybenzoic acid (4HB)
or para-aminobenzoic acid (pABA) ring at the C3 position by Coq2 (4, 5). The number of
isoprene units (n) in the polyisoprenoid chain of CoQ, varies between organisms as determined
by the specific polyprenyl diphosphate synthase (7), and consists of six isoprene units in S.

cerevisiae (CoQg), eight isoprene units in E. coli (CoQs), and predominantly ten isoprene units in
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Schizosaccharomyces pombe and humans (CoQ1o) (8). Each of the yeast coq14 - coq9A
mutants shows complete abolishment of CoQg biosynthesis, and fails to respire (5). Their

defects in respiration can be readily restored by exogenous supplementation with CoQg (5).

The coq10A mutant is unusual amongst the yeast coq mutants because it produces wild-
type content of CoQg at stationary phase, yet its de novo synthesis of CoQ¢ during log phase is
inefficient (9, 10). Despite having normal or nearly normal steady state levels of CoQg, the
coq10A mutant displays a respiratory deficient phenotype shown by anemic growth on medium
containing a non-fermentable carbon source, and decreased NADH and succinate oxidase
activities (10). In addition, the coq10A mutant is sensitive to lipid peroxidation induced by
exogenously added polyunsaturated fatty acids (PUFAs) (9). Thus, the CoQg present in coqg70A

mutant is not utilized efficiently for either respiration or for its function as an antioxidant.

The NMR structure of CC1736, a Coq10 ortholog in Caulobacter crescentus, identified it
as a member of the steroidogenic acute regulatory protein (StAR)-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 non-vesicular transport of lipids between membranes (14). For instance, STARD4 is
a START domain protein that binds and transports cholesterol from plasma membrane to
mitochondria, endoplasmic reticulum (ER), as well as the endocytic recycling compartment,
equilibrating cholesterol content among cellular membranes to fit their biophysical properties
and physiological needs (15). Purified CC1736 binds to CoQ, with variable polyisoprenoid chain
lengths and to the farnesylated analog of a late-stage CoQ intermediate, demethoxy-CoQ3

(DMQ3) (9). Coq10 polypeptides isolated from S. cerevisiae and S. pombe co-purify with CoQg
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and CoQq, respectively (10, 16). Similarly, CoQg co-purifies with the S. pombe Coq10
polypeptide expressed in E. coli (16). These observations have led to the current hypothesis
that the Coq10 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 Il inhibitors antimycin A and myxothiazol enhance reactive oxygen species
(ROS) formation by blocking oxidation of cytochrome by at the N-site, or inhibiting reduction of
cytochrome b at the P-site, respectively (17-19). Thereby, antimycin A induces ROS through
reverse electron flow from cytochrome b to CoQ to form the semiquinone radical (20), whereas
myxothiazol-dependent ROS production results from incomplete CoQH; oxidation by slow
reduction of the Rieske iron-sulfur protein (18, 19). Mitochondria isolated from yeast coq10A
produce significantly elevated ROS in the presence of antimycin A, but not myxothiazol,
suggesting that in the absence of the Coq10 polypeptide, electron transfer from CoQHj; to the
Rieske iron-sulfur protein is defective (20). This specific requirement for the presence of the
Coqg10 START domain polypeptide for functional electron transfer by complex Ill is further
substantiated by the binding of both oxidized and reduced forms of a photo-reactive azido-

quinone probe to the Coq10 polypeptide (21).

CoQ deficiencies are associated with human disease and the beneficial effects of CoQ1g
supplementation in therapeutic regimens are increasingly appreciated (1, 4). Mutations in
several genes encoding CoQ biosynthetic enzymes result in primary CoQ deficiency and cause
encephalopathy, cerebellar ataxia, cardiomyopathy, nephrotic syndrome, and myopathy (1, 4).
CoQ deficiency can also occur secondary to mutations in aprataxin (APTX), electron transfer
flavoprotein dehydrogenase (ETFDH), or serine/threonine-protein kinase B-Raf (BRAF) (3).
CoQ o supplementation rescues the proteinuria in patients with nephrotic syndrome, provided

therapy is initiated early (22). Patients who develop myalgia under statin administration are
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often prompted to take CoQ;o supplements to mitigate adverse symptoms (23). Long term
CoQ o 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 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 Coq10, COQ10A and COQ10B, for their
ability to complement the yeast coq70A mutant. We show that expression of either human
COQ10A or COQ10B rescues yeast coq10A defective respiration and its sensitivity to oxidative
stress, and restores steady-state levels of Coq polypeptides. However, neither COQ10A nor
COQ10B expression is able to stabilize the yeast CoQ synthome or rescue the partial defect in

de novo CoQg biosynthesis characteristic of the yeast coqg70A mutant.
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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% 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 Dextrose/Minimal minus uracil (SD-Ura) (0.18% Difco yeast nitrogen
base without amino acids and ammonium sulfate, 0.5% (NH4).SOy4, 0.14% NaH,;PO4, 2%
dextrose, complete amino acid supplement, or amino acid supplement lacking uracil) were

prepared as described (27). Solid media contained additional 2% Bacto agar.

Construction of single- and multi-copy yeast expression vectors of human COQ10A and
coQ1oB

Plasmids used in this study are listed in Table 2. Generation of single-copy (pQM) and
multi-copy (pPRCM) yeast expression vectors was previously described (9, 28). Both pQM and
pRCM contain the yeast CYC1 promoter and the first 35 residues of the yeast COQ3 ORF,
corresponding to the proposed Cog3 mitochondrial leader sequence to direct import of human
proteins into yeast mitochondria. To generate the single- and multi-copy yeast expression
vectors of human COQ10A, the human COQ70A ORF (mMRNA#1, Figure 1A), encoding
residues 44-247 was PCR amplified from pHCOQ10/ST1 (10) with primers 5'-
ggccATCGATATGAGGTTTCTGACCTCCTGC-3’, and 5'-
ggccGGTACCTCAAGTCTGGTGCACCTC-3 and cloned into pQM and pRCM vectors using
restriction enzymes Clal and Kpnl (New England BioLabs) to generate pQM COQ10A and
pRCM COQ10A, respectively. Similarly, full-length human COQ70B ORF (mRNA #1, Figure
1A), encoding residues 1-238 was PCR amplified from COQ10B cDNA clone (GeneCopoeia)

with primers 5’- ggccATCGATATGGCAGCTCGGACTGGTCAT-3' and 5'-
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ggccGGTACCTTATGTGTGATGGACTTCATGAAGCATTAACTCC-3’ to generate pQM

COQ10B and pRCM COQ10B.

Complementation of yeast coq704 by human COQ10A and COQ10B

Each of the following plasmids, pQM (empty vector), pPQM COQ10A, pQM COQ10B,
pRCM (empty vector), pPRCM COQ10A, and pRCM COQ10B was transformed into wild-type
W303 or coq104, and the transformed cells were selected on SD-Ura plates as described (29).
A single colony from each SD-Ura plate was inoculated in SD-Ura liquid medium. Wild-type
W303 and coq10A 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 ODggo/mL with
sterile H,O, from which a series of five-fold dilutions were prepared. An aliquot of 2 puL of sample
from the dilution series was plated onto YPD and YPG plate medium and incubated at 30°C.

Pictures were taken after three to four days.

Fatty acid sensitivity assay

Fatty acid sensitivity assay was performed as described (30, 31) with slight
modifications. Briefly, yeast W303 wild type, cor1A, coq94, and coq10A were inoculated in SD-
Complete liquid medium, and coq10A 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 ODgpo/mL with fresh SD-Complete or SD-Ura liquid medium and incubated for six
hours at 30°C 250 rpm to logarithmic phase. The cells were harvested, washed twice with sterile
H,0, and suspended in 0.1 M phosphate buffer with 0.2% dextrose, pH 6.2 to a cell density of
0.2 ODgoo/mL. To test yeast sensitivity to PUFA induced oxidative stress, ethanol-diluted oleic
acid (Nu-Chek Prep), or a-linolenic acid (Nu-Check Prep), were added to aliquots of 5 mL cell
suspension in phosphate buffer with 0.2% dextrose to a final concentration of 200 uM. Identical

5 mL cell suspensions were prepared with 0.1% (vol/vol) ethanol as a vehicle control. After a

25



four hours incubation at 30°C 250 rpm, cell viability was assessed with plate dilution assay by
spotting 2 uL of sample from a series of five-fold dilution onto YPD plates. Cell viability was also

ascertained before addition of fatty acids, and labeled as zero hour.

Mitochondria isolation from yeast coq70A expressing human COQ10A or COQ10B
Precultures of yeast coq70A transformed with pQM COQ10A, pQM COQ10B, pRCM
COQ10A, or pPRCM COQ10B in YPD were back diluted with YPGal and grown overnight at
30°C 250 rpm until the cell density had reached ~3.0 ODgoo/mL. Preparation of spheroplasts
with Zymolyase-20T (MP Biomedicals) and extraction of mitochondria in the presence of
Complete EDTA-free protease inhibitor mixture (Roche), phosphatase inhibitor cocktail set Il
(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
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Purified mitochondria were
resuspended in SDS sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.1%
bromophenol blue, and 1.33% B-mercaptoethanol), and an aliquot of 25 ug of mitochondrial
protein from each sample was loaded in individual lanes and separated by SDS gel
electrophoresis on 12% Tris-glycine polyacrylamide gels. Proteins were subsequently
transferred to 0.45 uym nitrocellulose 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 dilutions listed in Table 3.

Polyclonal antibodies against human COQ10A (Proteintech) and COQ10B (Abcam) were
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commercially obtained, and used at dilutions recommended by the companies. The secondary
IRDye 680LT goat anti-rabbit IgG antibody (LICOR) was used at 1:10,000 dilution in the same
blocking buffer. Imnmunoblot images were visualized with LICOR Odyssey Infrared Scanner
(LICOR), and relative protein levels were quantified by band densitometry using Image J

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 was performed as described (33-35). Purified
mitochondria at 4 mg/mL were solubilized for one hour 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 phosphatase inhibitors. After centrifugation (100,000 x g, ten minutes), the protein
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 ug) was separated on
NativePAGE 4-16% Bis-Tris gel (Thermo Fisher Scientific) in the first dimension, followed by
separation on 12% Tris-glycine polyacrylamide gel in the second dimension. The molecular
weight standards 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 performed as described above using antibodies against Cog4 and
Coq9. A separate COQ10A- or COQ10B-containing complex was detected using commercial

antibodies against COQ10A and COQ10B, respectively.

Analyses of de novo and steady state levels of CoQg and CoQg-intermediates
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Metabolic labeling with "*Cg-labeled ring precursors and subsequent analyses of labeled
and unlabeled CoQs and CoQg-intermediates in yeast whole cell lipid extract by RP-HPLC
tandem mass spectrometry were previously described (9, 36). Briefly, overnight cultures of
yeast wild type, coq710A in SD-Complete medium, and coq10A expressing pQM, pQM COQ10A,
pQM COQ10B, pRCM, pRCM COQ10A, or pPRCM COQ10B in SD-Ura medium were back
diluted with fresh SD-Complete or SD-Ura medium to 0.1 ODggo/mL and grown to 0.5 ODggo/mL
(early-log phase) at 30°C 250 rpm. The "*C¢-labeled precursors pABA or 4HB were dissolved in
ethanol and added to yeast cultures at a final concentration of 5 ug/mL (equivalent to 34.9 uM
3Ce-pABA and 34.7 uM *Cg-4HB). Vehicle control samples contained a final concentration of
0.1% (vol/vol) ethanol. The cultures were incubated with the labeled precursors or ethanol for
five hours at 30°C 250 rpm before triplicates of 5 mL culture were harvested for lipid extraction.

The cell density measured by ODg at the time of harvest was recorded.

For lipid extraction, collected yeast cell pellets were dissolved in 2 mL methanol, and
lipids were extracted twice in the presence of internal standard CoQ,, each time with 2 mL
petroleum ether followed by vigorous vortex. The organic phase from two extractions were
combined and dried under a stream N, gas. A series of CoQg standards (Avanti) containing
CoQ4 were prepared and lipid extracted concurrently with yeast samples to construct a CoQg
standard curve. The dried lipids were reconstituted in 200 pyL of 0.5 mg/mL benzoquinone
prepared in ethanol to oxidize all lipid species for mass spectrometry analysis with a 4000
QTRAP linear MS/MS spectrometer (Applied Biosystems). Aliquots (20 uL) of each
reconstituted lipid extract were injected into a Luna phenyl-hexyl column (100 x 4.6 mm, 5 ym;
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 increased linearly from 0 to 10%, representative CoQs and CoQe-

intermediates eluted off the column at distinct retention times and were monitored under
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multiple reaction monitoring mode (MRM) scanning 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 species were tracked. The ammonium adducts provide
much stronger ion signals for detection of isoprenoids by positive-ion electrospray ionization
mass spectrometry. Analyst 1.4.2 software (Applied Biosystems) was used for data acquisition
and processing. In each sample, the amount of CoQs and CoQg-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 CoQs. Statistical analyses
were performed 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 coq10A.

Homology modeling of human COQ10A and COQ10B

Secondary structural elements and disordered regions within the COQ10A and COQ10B
ORFs were predicted using PsiPred (37) and DisoPred (38). Secondary structural alignments
and initial model generation were performed using the SwissModel server (39). Using COQ10A
as the query sequence, 50 homologous protein templates were identified with sequence
identities ranging from 6.94% to 28.68%, and sequence similarity between 25-30%. Nine
templates with the best alignment of the secondary structural elements were selected for model
building in SwissModel. 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 differs 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
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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 homology model of

COQ10B 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
substrate was executed with a 20x20x20 A grid box that encompassed the entirety of the
hydrophobic pocket of CC1736. Docking was performed with an exhaustiveness of 18 and 9

docking solutions were produced per run.

Yeast Coq10 ortholog similarity clustering and Coq10 co-expression 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 COQ10A 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 UniProt 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 phylogenetic analysis was performed using
MAFFT (50) for sequence alignment and 1Q Tree (51) as implemented on the CIPRES (52, 53)
web portal with 1000 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.
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RESULTS
Expression of either COQ10A or COQ10B from human restores respiratory growth of the
yeast coq70A mutant

Human COQ70A and COQ10B are co-orthologs of yeast COQ170 located on human
chromosome 12 and chromosome 2, respectively (55). The polymorphisms in COQ10A (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). COQ70A and
COQ10B each contain six exons, which give rise to two isoforms of COQ10A and four isoforms
of COQ10B as a result of alternative splicing and translation initiation (Figure 1A). Each of the
two COQ70A mRNA transcripts contains a unique 5’ UTR and translation initiation site (Figure
1A, Supplemental Table S1). According to the UniProt database (49), COQ70A mRNA #1
encodes the longer isoform of COQ10A, with the first 15 residues predicted to be the
mitochondrial targeting sequence (Supplemental Table S1). COQ70A mRNA #2 encodes
COQ10A isoform 2 with a unique N-terminus. Two of the COQ70B mRNA transcripts share an
identical 5° UTR and translation initiation site, whereas the other two COQ70B mRNA transcripts
each has a unique 5 UTR and translation initiation site (Figure 1A, Supplemental Table S1).
Based on the UniProt database, COQ710B mRNA #1 encodes the longest isoform, and its
mitochondrial targeting sequence consists of the first 37 residues (Supplemental Table S1).
COQ10B isoform 2 encoded by mRNA #2 lacks one of the exons present in mRNA #1 (Figure
1A). COQ10B isoforms 3 and 4 contain distinct N-terminal sequences and their subcellular
localization are unknown (Figure 1A, Supplemental Table S1). Although RNA processing
predicts several isoforms of COQ10A and COQ10B, both isoforms of COQ10A and all four

isoforms of COQ10B retain amino acid residues important for START domain formation.
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Expression of human COQ10A from a multi-copy vector was previously shown to
complement respiratory growth of the yeast coq70A mutant on non-fermentable carbon source
(10, 16). Here, we examined the functional complementation of the yeast coq70A by both
single-copy (pQM) and multi-copy (pPRCM) expression of human COQ10A or COQ10B. The
cDNA expressed for COQ10A corresponded to residues 44 to 247 of isoform 1 (COQ70A
mRNA #1), and the cDNA expressed for COQ10B corresponded to residues 1 to 238 of isoform
1 (COQ710B mRNA #1). Yeast coq104, and coq10A with empty vectors pQM or pRCM show
slow growth on non-fermentable glycerol-containing medium (Figure 1B). Expression of either
COQ10A or COQ10B in single-copy or multi-copy rescued the glycerol growth of the coq104
mutant (Figure 1B). Interestingly, single-copy COQ10A, and both single- and multi-copy
COQ10B seem to complement the defective growth of the coq10A mutant better as compared
to multi-copy COQ10A (Figure 1B). These results identify human COQ10A and COQ10B as

functional co-orthologs of yeast Coq10.

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 Coq10 ortholog CC1736
binds to isoforms of CoQ, with varying polyisoprenoid chain length (n =2, 3, 6, or 10) and to a
farnesylated analog (n = 3) of a late-stage CoQ intermediate DMQ; (9). CC1736 does not bind
to a farnesylated analog of an early-stage CoQ intermediate farnesyl-hydroxybenzoate (FHB)
(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
Coq10 orthologs result 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 A55 and V70, and salt bridge formed by E64 and K115 are thought to
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confer the ligand specificity of CC1736 (11). Mutations in the equivalent residues in S.
cerevisiae Coq10 result in defects in respiration as measured by oxygen consumption, H,O,
release, or NADH-cytochrome c¢ reductase activity (9, 59). Here, we constructed sequence
alignment of four Coq10 orthologs and mapped these residues relative to positions in isoform 1
of human COQ10A and COQ10B amino acid sequence (Figure 2A). From the multiple
sequence alignment, we noticed several additional conserved residues (shaded blue and lilac in
Figure 2A) besides 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 (Figure 2A). Residues F39 and P41 of S.
pombe Coq10 are believed to be within the region for CoQ binding, and mutation of F39A and
P41A reduces the photolabeling yield with azido-quinone to about 50% of the wild-type control
(21). Replacement of L63 or W104 with alanine on S. pombe Cog10 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 COQ10A and COQ10B do
not seem to form defined secondary structure and were excluded from the predicted secondary
structures shown in Figure 2A. Thus, exon skipping in COQ10B isoform 2 (Figure 1A), as well
as variable N-terminal sequences on all COQ10A and COQ10B isoforms that result from
alternative splicing and translation initiation (Figure 1A) are not expected to change the

secondary structural elements of the START domain of COQ10A and COQ10B.

Based on the multiple sequence alignment, we also noticed that although human
COQ10A and COQ10B exhibit relatively low sequence identity with other Coq10 orthologs (~26-
31%), they are predicted to share similar helix-grip structures (Figure 2B). The predicted
structures of COQ10A and COQ10B are almost identical to each other (Figure 2B) and similar
to the solved structure of CC1736 (Figure 2C). The core of both COQ10A and COQ10B

consists of two a-helices and seven antiparallel B-sheets, and is predicted to form a

33



hydrophobic cavity shielding its CoQ lipid ligand from the aqueous environment (Figure 2B). The
structural feature of a helix-grip fold identifies both COQ10A and COQ10B as distinctive

members of the START domain protein family.

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 COQ10A and
COQ10B, we attempted to dock CoQg to the known structure of CC1736. Consistent with
previous in vitro binding assay results, we observed that docking of FHB to CC1736 occurred
with free energy values significantly higher (more positive, and less favorable) than CoQg
docked at the central cavity of CC1736 (Figure 3A, B). The docking solutions of CoQg to
CC1736 consistently showed that the CoQg folds into a boomerang-like structure, with its
hexaprenyl tail making contacts with resides A55, V70, and W95 lining the surface inside the
cavity (Figure 3A). However, the orientation of the benzoquinone head group was slightly more
variable between docking solutions. Several START domain proteins have been reported to
undergo ligand-induced conformational change such that the readily accessible entryway to the
central cavity becomes 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 a
result 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 Coq10 or its orthologs are needed to decipher the CoQ ligand binding interaction.

Expression of either 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 Coq10 has not been detected as part of the CoQ synthome, but its
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absence causes destabilization of Coq3, Cog4, 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 coq70A mutant. We noticed that
the steady state level of Coq5 is slightly reduced and the level of Coq8 is slightly increased in
the coq10A mutant, in addition to other affected Coq polypeptide levels shown previously (63).
The presence of single-copy pQM COQ10A fully restores steady state levels of Cog5 and Coq6
(Figure 4, S1), partially restores steady state levels of Coq3, Cog4, Coq7, and Coq9 (Figure 4,
S1). The single-copy pQM COQ10B fully restores the steady state level of Coq5 (Figure 4, S1),
restores steady-state level of Cog4, Coq7, and Coq9 to a minimal degree (Figure 4, S1), but
seems to have a negative effect on the levels of Coq3, Coqg6, and Coq8 (Figure 4, S1). Neither
COQ10A nor COQ10B expressed on a multi-copy pRCM vector function as well as the
corresponding single-copy pQM vector, despite the fact that COQ10A and COQ10B are barely
detected when expressed from a single-copy vector (Figure 4). The multi-copy pPRCM COQ10A
restores the steady state level of Coqg6, partially restores the levels of Cog5, and Coq9 (Figure
4, S1) while the steady state levels of Cog3, Cog4, and Coq7 remain similar to the coq70A
mutant, if not lower (Figure 4, S1). Yeast cells expressing COQ10A from a multi-copy vector
show a nearly 50% reduction of Cog8 content compared to the wild-type control (Figure 4, S1).
Overexpression of Coq8 promotes assembly of sub-complexes of the CoQ synthome (34), and
Coq8 deficit may explain the ineffective rescue of coq70A4 by the multi-copy COQ10A and its
corresponding poor growth phenotype on YPG plate medium (Figure 1B). The multi-copy pRCM
COQ10B restores Cog5 and Coq9 (Figure 4, S1), but has no effect on the Coq3, Cog4, Coq6,
and Coq?7 levels (Figure 4, S1). Opposite from the effect of expressing multi-copy pRMC
COQ10A, presence of multi-copy pPRCM COQ10B leads to 50% increase of Coq8 compared to
the wild type cells (Figure 4, S1). It is quite intriguing that pPRCM COQ10B results in a slight
reduction of Coq1 level while the level of Coq11 is nearly 2.5-fold more compared to the wild

type cells (Figure 4, S1). The anti-COQ10A antibody specifically recognizes COQ10A and does
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not cross react with human COQ10B (Figure 4). Anti-COQ10B antibody is also antigen-specific,
but it gives two intense bands, migrating at ~30 kDa and ~17 kDa (Figure 4). In human cells,
only the higher molecular weight band is detected, and the lower molecular weight 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
coq10A mutant

The decreased steady state levels of component Coq polypeptides in the yeast coq70A
mutant are directly related to the destabilization of the CoQ synthome (34). Here, we assessed
the stability of CoQ synthome in coq710A4 expressing single- or multi-copy COQ10A or COQ10B
by two-dimensional Blue Native/SDS-PAGE (BN/SDS-PAGE). In the first dimension, multi-
subunit protein complexes are resolved under non-denaturing 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 several distinct complexes or sub-complexes is indicated by a horizontal signal. Thus
the CoQ synthome that is represented by its component Coqg4 or Coq9 polypeptide is shown by
two horizontal lines that align with the Cog4 and Coq9 bands present in the sample of intact
mitochondria from each sample in the lane labeled as “M” (Figure 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 Cog4 and from ~140 kDa to > 1 MDa for Coq9 (Figure
5A). In contrast, the CoQ synthome in the coq10A 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 Cog4 and
Coq9 signals (Figure 5A). Although expression of single-copy pQM COQ10A restored the

steady state polypeptide levels of both Cog4 and Coq9 (Figure 4), the distribution of high
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molecular mass signals for Cog4 and Coq9 remains limited to a range similar to that of the
coq10A mutant (Figure 5A). Single-copy pQM COQ10B reinforced the CoQ synthome
assemblies below 440 kDa, as shown by intense Coq9 signal (Figure 5A), but it also failed to
restore the CoQ synthome at a much greater molecular mass (Figure 5A). Neither multi-copy
COQ10A nor COQ10B expression appears to confer a stabilization effect on the CoQ synthome
(Figure 5A). Thus, the expression of either COQ10A or COQ10B, while having a rather dramatic
effect on steady state Coq polypeptide levels, exerts a negligible effect on the high molecular

mass signals that characterize efficient CoQ synthesis and the presence of the CoQ synthome.

Coq10 co-migrates with Cog2 and Coqg8 on two-dimensional BN/SDS-PAGE (64), but so
far there is no direct evidence showing Coq10 interaction with other known Coq polypeptides or
with the CoQ synthome. On a sucrose gradient, native Coq10 from yeast mitochondrial extract
sediments at a fraction that corresponds to a molecular weight of approximately 140 kDa (10).
Given that the monomeric molecular weight of mature Coq10 is 20 kDa, Coq10 must be present
in a complex that consists of an oligomeric form of Coq10, and/or with other partner proteins
(10). We tested whether human COQ10A 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 examine their complex formation when expressed from
the multi-copy vector. On the two-dimensional BN/SDS-PAGE, wild-type yeast Coq10-
containing complex is distributed across the entire range of high molecular weight standards,
but predominantly concentrated between 66 kDa and 232 kDa (Figure 5B), and the Coq10-
containing complex is absent in the cog70A mutant (Figure 5B). Although the signal intensities
of COQ10A and COQ10B are low, it appears that COQ10A forms a discrete complex at ~140
kDa (Figure 5B), and COQ10B is dispersed across between 232 kDa and 440 kDa (Figure 5B).

Knowing the total amount of protein subjected to analysis by BN/SDS-PAGE, it is possible that a
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significant amount of COQ10A and COQ10B may migrate at a much smaller size corresponding

to its monomeric molecular weight, not observed by the first dimension gel matrix.

Expression of human COQ10A or COQ10B fails to restore CoQ biosynthesis in the yeast
coq10A mutant

In yeast, CoQ is produced from two distinct quinone ring precursors, pABA or 4HB (5).
Early-stage intermediates 4-amino-3-hexaprenylbenzoic acid (HAB) and 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-QgH, (IDMQgH.) or demethoxy-QsH, (DMQgH>).
It is believed that only DMQgH. gets directly converted to CoQgH», whereas IDMQgH, 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 COQ10A or COQ10B
rescues yeast coq70A de novo CoQ biosynthesis, we labeled the cells with "*Cg-pABA or "*Ce-

4HB in order to measure the efficiency of CoQ production from both pathways.

Consistent with previously published results (9), we observed that the yeast coq70A
mutant produced less "*Cg-CoQg (Figure 6A), but significantly higher amounts of early
intermediates '*C¢-HAB (Figure S2A) and *Ce-HHB (Figure S2B) during log phase growth. The
yeast coq70A mutant also makes less late-stage intermediates *Cs-DMQs (Figure S2C) and
3Ce-IDMQs (Figure S2D) de novo compared to the wild-type cells. One caveat to this result is
that when the yeast coqg70A mutant is transformed with empty vector pQM or pRCM, these
empty vectors seem to make significant difference on the levels of all representative CoQe-
intermediates as well as in CoQs when compared to the coq710A mutant (Figure 6, S2). We
suspected this might be a result of different medium used to culture the coq704 mutant (SD-

Complete) and coq10A mutant with empty vectors (SD-Ura). Therefore, we compared the yeast

38



coq10A expressing single- or multi-copy COQ10A or COQ10B to their respective empty vector
controls for the statistical analyses. If COQ10A or COQ10B were to restore efficient de novo
CoQ biosynthesis, we would expect lower amounts of *Cs-HAB, *Cg-HHB, and higher amount
of *Ce-CoQs. However, expression of either COQ10A or COQ10B has only a minimal effect on
the de novo biosynthesis of *Cg-CoQs. Single-copy COQ10A seems to make slightly more "*Ce-
CoQg from labeled pABA and 4HB (Figure 6A), and has slightly higher levels of total CoQsg
(Figure 6B) when compared to the empty vector control. In contrast, expression of COQ10B,
particularly in multi-copy, decreases de novo '*C¢-CoQg, as well as the total CoQg content
(Figure 6A, B). While single- and multi-copy of COQ10A, and multi-copy COQ10B synthesize
3Cs-DMQg (Figure S2C) and "*C¢-IDMQg (Figure S2D), the conversion from early-stage
intermediates to late-stage intermediates is slow as indicated by a buildup of the labeled "*Cs-

HAB (Figure S2A) and *Ce-HHB (Figure S2B).

In addition to "*Cs-labeled CoQg and CoQg-intermediates, we also quantified the
unlabeled CoQg and CoQg-intermediates (Figure 6B, S2E-H). Similar to what we observed with
the "*C¢-labeled CoQg and CoQg-intermediates, the yeast coq10A mutant expressing single- or
multi-copy COQ10A 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 COQ10A
or COQ10B functionally restores de novo CoQ biosynthesis to the wild-type level, and has
negligible effects on the synthesis of early stage CoQge-intermediates relative to the empty vector
control. Given that the high molecular weight CoQ synthome is known to be necessary for
efficient CoQg biosynthesis in yeast, it is not surprising that each of the human COQ10 orthologs

fails to restore the yeast de novo CoQ;g production.

Human COQ10A rescues PUFA sensitivity of the yeast coq70A mutant
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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 peroxyl radicals trigger a chain reaction of lipid
peroxidation, and propagate oxidative damage to other macromolecules. Collectively, this
oxidative damage results in DNA mutations, protein fragmentation, and formation of protein-
protein cross links (66). As shown in Figure 7, the yeast CoQ-less mutant (coq94) is sensitive to
a-linolenic acid due to the absence of antioxidant protection offered by CoQ (30, 31). The yeast
coq10A mutant is also sensitive to treatment with a-linolenic acid presumably because the
chaperone function of the Coq10 polypeptide is necessary for the ability of CoQ to function as
an antioxidant (9). This chaperone function of Coq10 is independent of its role in respiration per
se, because a CoQ-replete respiratory deficient mutant lacking a subunit of complex Il (cor14)
is resistant to a-linolenic acid (Figure 7). Thus, we assessed whether the sensitivity to PUFA
treatment of yeast coq 104 was rescued by the expression of single- or multi-copy human
COQ10A or COQ10B. Expression of either single- or multi-copy COQ10A rescued yeast
coq10A sensitivity to treatment with a-linolenic acid (Figure 7). Multi-copy COQ10B partially
rescued yeast coq10A sensitivity to a-linolenic acid, while single-copy COQ10B did not have a
significant effect (Figure 7). As expected, yeast strains tested were resistant to
monounsaturated oleic acid (Figure 7). Thus, our data suggest that COQ10A and COQ10B are
only partially able to complement the yeast coq10A mutant; both human co-orthologs are
capable of rescuing defective respiration and PUFA sensitivity in the yeast coqg70A mutant, but

fail to rescue the defect in CoQ;g biosynthesis.

COQ10 family analysis
A protein sequence similarity network analysis reveals that the COQ10-like family can be
divided into six main similarity clusters that are generally grouped by taxonomy (Figure 8A). The

COQ10-like proteins from land plants and green algae (with the exception of prasinophyte
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homologs) are closely related to animal homologs, and in the phylogenetic tree reconstruction
are nestled within the metazoan clade (Figure 8B). Two groups of bacterial proteins are found in
the COQ10-like family. Proteins encoded by genes (referred to as yfjG/ratA in E. coli) in the
highly conserved smpB-ratA-yfjF gene neighborhood (67, 68) dominate bacterial cluster 1. RatA
from E. coli (see sequence alignment in Fig 2A) has a proposed role in cell cycle arrest as a
response to stresses such as nutrient starvation (69). Upon induction, RatA blocks 70S
ribosome association, 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, encodes 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). YfjF is homologous to RnfH, a Rhodobacter capsulatus homolog encoded
by a gene at the end of the rnf operon (72). Rnf is an enzyme complex homologous to but
distinct from the bacterial respiratory complex Na*-dependent NADH: ubiquinone
oxidoreductase (Na’-NQR) (73). However, a role for RnfH in the Rnf complex is unsubstantiated
and many rnf operons do not encode an RnfH orthologs (74).

Proteins encoded by genes that are often physically clustered with lipA orthologs, which
encode lipoyl synthases, dominate bacterial cluster 2. Mining co-expression databases revealed
that the characterized COQ170 from S. pombe is co-expressed with AIM22 (second-ranked co-
expressed gene) (75), encoding a putative lipoate-protein ligase A. These two functional
inferences (conserved gene clusters in bacteria and co-expression in S. pombe) may point to a
yet uncharacterized role of COQ10 in lipoic acid biosynthesis or regulation; lipoic acid is a
prosthetic group covalently attached to several dehydrogenases within the mitochondria. We
also note that the top-ranked co-expressed gene in S. cerevisiae, MDM12, is positioned head-
to-head with COQ10 (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-
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mitochondria encounter structure (ERMES) for establishing 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 Coq10-Coqg11 fusion proteins found in genomes from Ustilaginaceae (78) are also
shown in Figure 8. Additional domains found in the present analysis fused to the COQ10
domain (PF03364) (encoded by at least two different species) include PF00098 (zinc-finger
domain), PF00227/PF10584 (proteasome subunits), and PF00378 (enoyl-CoA
hydratase/isomerase family). Additionally, both COQ10A and COQ10B were previously found to
interact with the enoyl-CoA hydratase ECH1, which in turn, has been observed to interact with
C0OQ2, COQ3, COQ4, COQB, COQT7 and COQS8A (79, 80). Mining co-expression databases,
both COQ3 and COQ8A also co-express with COQ70A (81). The human ECH1 localizes to the
matrix of mitochondria and participates in B-oxidation of unsaturated fatty acids (82), and the
interaction of ECH1 with both COQ10A and COQ10B aligns well with their roles as chaperones

to deliver CoQ as a cofactor for the reaction.
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DISCUSSION

This study provides another piece of evidence supporting the functional conservation of
yeast and human proteins involved in CoQ biosynthesis. Unlike yeast, humans have two
isoforms of COQ10, which may have evolved by a duplication event during chordate evolution
(Figure 8B). RNA-seq analysis of different human tissues suggests that although both COQ10A
and COQ10B are universally expressed, COQ10A seems predominantly expressed in heart and
skeletal muscle cells (83, 84). Knowing that COQ10A and COQ10B share 66% sequence
identity (84% similarity), the enrichment of COQ10A in human heart and skeletal muscle implies
a functional specialization of the protein. From our experimental results, it is curious to note that
single-copy COQ10A performs the best in terms of restoring steady state Coq polypeptide
levels (Figure 4), stabilizing CoQ synthome (Figure 5), and restoring resistance against PUFAs
(Figure 7), despite the finding that single-copy COQ10A seems to restore respiratory growth
phenotype just as well as both single- and multi-copy COQ10B on YPG plate medium (Figure
1B). In contrast, neither COQ10A nor COQ10B expression restores de novo CoQ synthesis in
yeast when compared to the coq70A empty vector control (Figure 6, S2). Efficient CoQ
biosynthesis requires properly assembled CoQ synthome, but neither COQ10A nor COQ10B
expression fully restores the CoQ synthome assembly (Figure 5). Importantly, neither COQ10A
nor COQ10B expression restores the steady state levels of Coqg4, which is known to be the
central organizer protein of the CoQ synthome (34). Additionally, the assembly and stability of
the CoQ synthome relies on the presence of CoQg and CoQg-intermediates. Studies have
shown that reestablishment of de novo CoQg biosynthesis and the levels of certain CoQg-
intermediates restore CoQ synthome assembly and CoQ domain formation (34, 85). The CoQ
synthome is responsible for efficient 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 CoQg production, the amounts of CoQg or

CoQg-intermediates may not be sufficient to restore and stabilize the CoQ synthome. However,
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expression of either the human COQ10A or COQ10B orthologs complemented the coq10A
glycerol growth (Figure 1B). Thus, human COQ10A and COQ10B fulfill two independent
functions in yeast: 1) both facilitate the function of CoQ in respiration; and 2) both enable CoQ
to function as a chain-terminating antioxidant. However, neither COQ10A nor COQ10B function

to restore the efficient CoQ biosynthesis in yeast.

One possibility is that a coordinated action of both yeast Coq10 and Coq11 is necessary
to restore efficient CoQ biosynthesis in yeast coq704 mutant. In mammalian cells, it is common
that the START domain may be coupled with other motifs/domains on the same protein, offering
additional functions such as localization, enzymatic activity, or signaling (12, 13, 86). For
instance, the metastatic lymph node 64 (MLNG64) 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 MLN64 to the late endosome
membranes, from which the MENTAL domain can capture cholesterol and subsequently
transfer it to cytoplasmic START domain (14, 87, 88). Yeast Coq11 belongs to the short-chain
dehydrogenase/reductase (SDR) superfamily, which contains a conserved Rossmann fold with
N-terminal binding site for NAD(H) or NADP(H) (89). The S. cerevisiae coq11A does not exhibit
apparent growth defect on non-fermentable carbon source, but its de novo 13Ce-CoQg
production is significantly lower compared to the wild-type cells (78). S. cerevisiae coq10A
shares very similar phenotype except that its growth on non-fermentable carbon sources is
impaired but not completely abolished. Thus, it may be possible that in yeast, the Cog10 and
Coq11 functions need to be coordinated in order to achieve wild-type level efficiency for de novo
CoQg biosynthesis. The presence of Coq10-Coq11 fusion protein in several Ustilaginaceae
species (Figure 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 homolog to yeast Coq11 is NDUFA9, a NADH dehydrogenase and a Complex |
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ubiquinone reduction-module (Q-module) subunit (78, 90). However, because humans do not
have Coqg11, a similar interaction between Cog10 and Coq11 either never evolved or was lost
during evolution. Therefore, we postulate that neither human COQ10A nor COQ10B was able to
interact with yeast Coq11, hence failing to restore de novo CoQ biosynthesis (Figure 6, S2). In
contrast, plants and algae do have orthologs of yeast Coq11 and have evolved to use Coq11 or
Coq11-like proteins (78). The Arabidopsis thaliana genome encodes four Coq11 orthologs
(At1g32220, At5g15910, At5g15480, and At5g10730), and the chloroplast-localized flavin
reductase-related protein At1g32220 is thought to be involved in plastoquinone biosynthesis
(49, 78). In COXPRESdb, COQ10A is co-expressed with SDR39U1, which like Cog11 belongs
to the SDR superfamily (75), and SDR39U1 was found co-eluting 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 Coq11-like proteins in CoQ

production.

So far, most of the publications on yeast Coq10 are focused on its putative function as a
CoQ chaperone for its function in respiration and as a lipophilic antioxidant. The Coq10
similarity network analysis (Figure 8A) suggests that Coq10 homologs may be functionally
linked to lipoic acid synthesis and/or regulation. Lipoic acid is a sulfur-containing co-factor and is
essential for enzymatic functions of pyruvate dehydrogenase, a-ketoglutarate dehydrogenase,
as well as the glycine cleavage system (92). Lipoic acid is assembled on its cognate proteins
from precursor octanoic acid from the fatty acid biosynthesis pathway to a specific lysine
residue of the cognate protein by octanoyl transferase (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
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respiratory deficient phenotype and small mitochondria, possibly mediated by inefficient tRNA
processing by RNase P cleavage (93). A role for Coq10 or Coq10 homologs in fatty acid
synthesis has not been substantiated, but because yeast coq70A is respiratory-defective, it
would be interesting to examine the mitochondrial morphology in this particular mutant and

assess the lipoic acid-dependent enzyme activities.

Another possible functional role of Coq10 relates to the co-expression of COQ170 and
MDM12 from a shared promoter in S. cerevisiae (Figure 8A) (94). The arrangement and co-
regulation of different genes via promoter sharing is indicative of functional connection and/or
physical interactions between the two gene products. In yeast, Mdm12 is positioned on the
mitochondrial outer membrane as part of the ERMES complex subunit; Mdm12 bridges Mmm1
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 (Cog3-Coq7, Coq9, and
Coqg11) have been shown to localize selectively to multiple domains (CoQ domains) (85, 95).
These CoQ domains are marked by ER-mitochondria contact sites, and are established by
START-like domain containing, ER membrane sterol transporter protein Ltc1 in complex with
the mitochondrial outer membrane protein Tom71, as well as by the ERMES complex (85, 95).
Presence of the CoQ domain relies on the cooperative assembly of the CoQ synthome
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 formation, but only
negligible effect on the steady state levels of the constituent Coq polypeptides of the CoQ
synthome (85, 95). Deletion of LTC1 in the mmm1A mutant further enhanced the defect of CoQ
domain formation, suggesting a redundant functional role of these two ER-mitochondria tethers
for domain positioning in the mitochondria (85). The ERMESA mutants accumulate steady state

and ®Cg-labeled CoQg-intermediates as a result of inefficient CoQg biosynthesis from
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destabilized CoQ synthome (95). Interestingly, these ERMESA mutants retain more *Cg-labeled
CoQg even though their steady state CoQg levels inside the mitochondria are lower compared to
the wild-type cells (95). The disruption of CoQs homeostasis presumably results from the
reduced sequestration of CoQg within the mitochondria and/or compromised degradation of
CoQs at the peroxisomes, which have been reported to co-localize 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 formation in the yeast coq704
mutant, which is likely contributed by the partial destabilization of the CoQ synthome, as well as
component Coq polypeptides in the absence of Coq10 (63, 85, 95). The establishment of CoQ
domains within mitochondria relies on CoQ-intermediates, and substrate flux (85), which seems
to correlate well with the role of Coq10 in mediating efficient CoQ production. However, the
exact mechanism underlying the role of Coq10 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 hetero-dimerization of ER-localized mitofusin 2 (MFN2)
with MFN1 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 c 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 observed as decreased CoQ but not cholesterol levels (98). Similar to the
yeast system, the enzymes involved in the isoprene biosynthetic pathway exist in different
organelles, including mitochondria, ER, and peroxisomes (98), however the functional
implications of the involvement of human COQ10A and COQ10B in physical coordination of

these organelles remain to be uncovered.
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In summary, this study indicates that although expression of the human COQ10A or
COQ10B orthologs failed to restore efficient de novo synthesis of CoQg, they nonetheless
rescue the respiratory deficiency and the sensitivity to oxidative stress of the yeast coq70A
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 COQ10 family protein analyses provide additional insights into the
possible roles of Coq10-dependent transport of CoQ, necessary for its function as a cofactor in

biological pathways and trafficking between organelles.
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Table 1. Genotype and source of yeast strains

Strain Genotype® Source
W303 1B MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 R. Rothstein®

ura3-1

W303 coq14 MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (99)
ura3-1 coq1::LEU2

CC303 MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (100)

ura3-1 coq3::LEU2

W303 coq44 MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (101)
ura3-1 coq4::TRP1

W303 coqbA MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (27)
ura3-1 coq5::HIS3

W303 coqb6A MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (102)
ura3-1 coq6::LEU2

W303 coq74 MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (103)
ura3-1 coq7::LEU2

W303 coq8A MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (101)
ura3-1 coq8::HIS3

W303 coq9A MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (104)
ura3-1 coq9::URA3

W303 coq10A MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 (10)

W303 coq11A

ura3-1 coq10::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112

ura3-1 coq11::HIS3

trp1-1  This study

@Mating type a (MAT a) is in bold to distinguish it from mating type alpha (MAT a).
®Dr. Rodney Rothstein, Department of Human Genetics, Columbia University. New York, NY.
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Table 2. Yeast expression vectors

Plasmid Relevant genes/markers Source
pQM pAHO1 with COQ3 mito leader, single-copy (28)
pQM COQ10A pQM with human COQ70A; single-copy  This work
pQM COQ10B pQM with human COQ170B; single-copy  This work
pRCM pCH1 with COQ3 mito leader; multi-copy (9)
pRCM COQ10A  pRCM with human COQ70A; multi-copy  This work
pRCM COQ10B  pRCM with human COQ1710B; multi-copy  This work
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Table 3. Description and source of antibodies

Antibody Working dilution Source
Coq1 1:10,000 (99)
Coq3 1:200 (105)
Coq4 1:2,000 (106)
Cog5 1:5,000 (107)
Coq6 1:200 (102)
Coq7 1:1,000 (108)
Coq8 Affinity purified, 1:30 (63)
Coq9 1:1,000 (109)
Coqg10 Affinity purified, 1:400 This work
Coq11 1:500 This work
Mdh1 1:10,000 Lee McAlister-Henn®

COQ10A 1:500 Proteintech

CcOQ10B 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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Table 4. Precursor-to-product ion transitions

m/z [M+H]*  m/z [M+NH,]*
HAB 546.4/150.0  563.0/150.0
¥Ce-HAB  552.4/156.0  569.0/156.0
HHB 547.4/151.0  564.0/151.0
Ce-HHB  553.4/157.0  570.4/157.0
DMQs  561.4/167.0  578.0/167.0
3Ce-DMQs  567.4/173.0  584.0/173.0
IDMQs  560.6/166.0  577.0/166.0
¥Ce-IDMQs  566.6/172.0  583.0/172.0
CoQ,  455.4/197.0 472.0/197.0
CoQs 591.4/197.0  608.0/197.0
¥Ce-CoQs 597.4/203.0  614.0/203.0
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Supplemental Table S1. Predicted human COQ10A and COQ10B mitochondrial targeting sequence*

Protein N-terminal sequence®
COQ10A isoform 1 MAWAGSRRVPAGTRAAAERCCRLSLSPGAQPAPPPGPLPPPRPMR™
COQ10A isoform 2 MLLQVVREGKFSG"
COQ10B isoform 1 MAARTGHTALRRVVSGCRPKSATAAGAQAPVRNGRYLASCGILMSRTLPLHTSILPKEICARTFFKITAPLINKRKEYSERRILG®®
COQ10B isoform 2 MAARTGHTALRRVVSGCRPKSATAAGAQAPVRNGR 3
COQ10B isoform 3 MGVCVWR YLASCGILMSRTLPLHTSILPKEICARTFFKITAPLINKRKEYSERRILG®®

COQ10B isoform 4
MSRTLPLHTSILPKEICARTFFKITAPLINKRKEYSERRILG*

UniprotKB, https://www.uniprot.org
°NCBI, https://www.ncbi.nim.nih.gov
The N-terminal sequence of the human COQ10A and COQ10B isoforms were aligned with their predicted mitochondrial targeting sequence highlighted in bold. The amino acid residue

number in superscript represented the beginning of the shared amino acid sequences among isoforms of either COQ10A or COQ10B.
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Figure 1. Expression of either human COQ10A or COQ10B restores respiratory growth of
the yeast coq704 mutant. A) A schematic representation of alternative splicing of human
COQ10A and COQ10B mRNA. Alternative splicing and different translation initiation sites result
in two isoforms of COQ10A and four isoforms of COQ10B. Boxes represent the exons, and the
protein coding sequences are shaded within the exons. Both exons and the protein coding
sequences were drawn relative to their corresponding number of base pairs. The introns are
represented by horizontal lines and are not drawn to scale. The translation initiation sites were
marked as “+1” on top of the protein coding sequence, and the numbers denote the amino acid
residue numbers at the beginning of the coding sequence within each exon. The amino-terminal
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, coq70A
mutant, coq10A expressing single-copy (pQM), multi-copy (pPRCM) human COQ10A, COQ10B,
or their respective empty vectors were inoculated in SD-Complete or SD-Ura liquid medium
overnight, from which a series of five-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 ODgoo/mL in the first spot to the left. Pictures

were taken three or four days after incubation at 30°C.
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Figure 2. Human COQ10A and COQ10B share low sequence identity with Coq10
orthologs, but are predicted to contain conserved START domain structures for lipid
binding. A) Sequence alignment of human COQ10A (residue 73-244) and COQ10B (residue
64-235) with Cog10 orthologs in S. cerevisiae, S. pombe, C. crescentus, and E. coli. Multiple
sequence alignment 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 a1-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 COQ10A and COQ10B were generated using the
structures of MSMEG_0129 from Mycobacterium smegmatis (pdb ID: 5Z280) as a template. The
predicted structures of COQ10A (dark shade) and COQ10B (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 -
sheets (green). C) NMR structure of CC1736 (pdb ID: 1T17), a Coq10 ortholog in C. crescentus

(11). Structures in B) and C) were generated using PyMOL.
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Figure 3. CoQs docks in the hydrophobic cavity of CC1736. A) CoQ;s (colored in black) was
docked to the NMR structure of CC1736 using AutoDock. The a-helices are shown in red and -
sheets are shown in green. Docking structures were produced using Autodock vina (45). B)
Electrostatic surface of CC1736 showing the cavity docked with CoQg with some residues
hidden for clarity (red, negative, and blue, positive). The polyisoprenoid chain is threaded

through the hydrophobic cleft crated by residues Ala55, Val70, and Trp95.
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Figure 4. Expression of either human COQ10A or COQ10B restores steady state levels of
Coq polypeptides. An aliquot of 25 ug of purified mitochondrial protein from wild type, coq10A4,
or coq10A expressing single- or multi-copy COQ10A or COQ10B was applied to each lane and
separated on 12% Tris-Glycine SDS-PAGE gels. Purified mitochondria from coq14, and cog3A
- coq11A mutants were included as negative controls for Western blotting against each of the
Coq polypeptide. Purified mitochondria from coq70A were used as cog4 control for blotting
against human COQ10A and COQ10B. Yeast mitochondrial malate dehydrogenase (Mdh1) was
included as loading control. Two panels (left and right) were immunoblots derived from the
same nitrocellulose membrane. Relative protein levels were quantified by band densitometry in

Supplemental Figure S1 using Image J software.

59



pQM  pRCM  pQM

pRCM
COQ10B COQ10B COQ10ACOQ10A coq70A  W303

pRCM  pRCM
COQ10BCOQ10A coq70A W303

M 44 669 440 232 140 66 (kDa)

M 4A 669 440 232 140 66

M 4A 669 440 232 140 66

M 44 669 440 232 140 66
1 1 1 1 1
SR - 1 -37
C°q4 ——— s '
Coq9 : - 25
M 44 669 440 232 140 66
37
Cog4
Coq9 25
M 44 669 440 232 140 66
1 1 1 1
- ~ ] Ky
Cog4 - et L g
; — .
Coqg o L = . Lo | o5
M 104 669 440 232 140 66 (kDa)

M 10A 669 440 232 140 66
1 1 1 1 1

Coq10 7 20

669 440 232 140 66

COQ10A

M 1704 669 440 232 140 66
1 1 1 1

coQ10B
25

60



Figure 5. Expression of either human COQ10A or COQ10B partially restores the yeast
CoQ synthome. An aliquot of 80 pg of purified mitochondrial protein from wild type, coq70A, or
coq10A expressing single- or multi-copy COQ10A or COQ10B was resolved on a two-
dimensional BN/SDS-PAGE, and blotted against A) Cog4 and Coq9, or against B) Coq10,
COQ10A, or COQ10B. An aliquot of 25 ug of un-solubilized intact mitochondrial from each
designated sample was loaded in the lane labeled “M”, and same amount of intact coq4A or
coq10A mitochondria were included as negative controls. The yeast cog4A mutant lacks both
Coqg4 and Coq9 polypeptides (63), and was used as a negative control for blotting against both

proteins on the same membrane.
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Figure 6. Expression of either human COQ10A or COQ10B has minimal effect on de novo
CoQg biosynthesis and total CoQgs content. The de novo production of CoQs was measured
from yeast whole cell lipid extracts from wild type, coq104, coq10A expressing single- or multi-
copy COQ10A or COQ10B, or their respective empty vector labeled with *Cg-pABA (red) or
3Ce-4HB (blue) for 5 hours. Expression of single- or multi-copy COQ10A or COQ10B has
almost negligible effect on both A) de novo "*C¢-CoQg and B) total CoQs when compared to their
respective empty vector controls. The statistical analyses were performed using two-way
ANOVA multiple comparisons from three biological replicates, comparing yeast coq70A
expressing single- or multi-copy COQ10A or COQ10B to their respective empty vector controls,
and comparing yeast coq710A 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.
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Figure 7. Human COQ10A rescues PUFA sensitivity of the yeast coq70A mutant. Wild-type
W303, respiratory deficient mutant cor14, CoQ-less mutant coq94, coq104, and coq10A
expressing single- or multi-copy COQ10A or COQ10B, 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 H,O, and resuspended in phosphate buffer with 0.2% dextrose, pH 6.2 to 0.2
ODegoo/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 hours. 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 Hr, no fatty acids), and 4 hours post fatty acids incubation to assess
cell viability by plate dilution assay. An aliquot of 2 yL of series of five-fold diluted sample was
plated in each spot, starting at 0.2 ODggo/mL in the first spot on YPD plate medium. Pictures

were taken two days after incubation at 30°C.

63



Basidiomycota *

COQ10A
coQ1oB

Coq10-Coq11 fusion proteins [¢]

Ustilaginaceae

Ascomycota
cluster 1
»

Coq11 Coq10

¢d05229 cd07813

Z snjnosnwi SN

S. cerevisiae
mdm12 coq10

S. cerevisiae
Coq10

Ascomycota %

cluster 2

bacterial cluster 1

land plants
and

Escherchia coli

smpB  ratA mfH

green algae

Caulobacter crescentus

bacterial cluster 2 lipA__ CC1736

legend

I O metazoans

b @ fungi

¢ \ @ land plants/green algae
S pombe | o @ other eukaryotes
9 @ bacteria
- ® l © metagenomes
>

000000000000 000

64

e
=
Ay .
Q. Arabidopsis thaliana

Hymenolepis diminuta
jum
: ma haé atob p
Schlstoso urrel i

Trichine'® Jandic®

2]
3 3
<
3
g
A
g
T
S

Q
&, 3
&

2
%4 Bacteria

Tree scale: 1———

Anaplasma centrale



Figure 8. The COQ10 family of proteins. A) A protein similarity network of proteins similar to
C0OQ10 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 Coq10
orthologs from S. cerevisiae and S. pombe are indicated with blue arrows. The disconnection of
S. pombe Coq10 from the rest of the network is due to the low similarity (as measured by the
BLASTp Evalue) between S. pombe Coq10 and other COQ10 homologs (with the exception of
Coq10 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 Cog11-Coq10 protein fusion observed in genomes from Ustilaginaceae is
also shown, and corresponding nodes are indicated with a thick border. Coq11 contains the
¢d05229 domain, an atypical SDR domain, and Coq10 contains the cd07813 domain, a
SRPBCC (START/RHO_alpha_C/PITP/Bet_v1/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.
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Supplemental Figure S1. Expression of either human COQ10A or COQ10B restores
steady state levels of Coq polypeptides. Relative Coq polypeptide levels shown in Figure 4
were quantified by band densitometry using Image J software. The densitometry reading of
each coqA control was first subtracted from the reading of each sample blotted against the
corresponding specific Coq polypeptide, then normalized by the reading of the loading control

Mdh1. The percentage of signal intensity from each sample relative to the wild type control was

plotted in the y-axis.
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Supplemental Figure S2. Expression of either human COQ10A or COQ10B has minimal
effect on de novo and steady state levels of CoQg-intermediates. The de novo production
3Ce-CoQg-intermediates, including A) *Ce-HAB, B) *C¢-HHB, C) *C¢-DMQg, D) "*Cs-IDMQg
were measured from yeast whole cell lipid extracts from wild type, coq704, coq10A expressing
single- or multi-copy COQ10A or COQ10B, or their respective empty vector labeled with *Ce-
pABA (red) or *Ce-4HB (blue) for 5 hours. The steady state levels of E) HAB, F) HHB, G)
DMQg, H) IDMQg were measured from designated samples treated with ethanol as vehicle
control. The statistical analyses were performed using two-way ANOVA multiple comparisons
from three biological replicates, comparing yeast coq 104 expressing single- or multi-copy
COQ10A or COQ10B to their respective empty vector controls, and comparing yeast coq70A
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.
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The endoplasmic reticulum-mitochondria encounter structure complex

coordinates coenzyme Q biosynthesis
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Abstract

Loss of the endoplasmic reticulum (ER)-mitochondria encounter structure (ERMES) complex that resides in contact sites
between the yeast ER and mitochondria leads to impaired respiration; however, the reason for that is not clear. We find that
in ERMES null mutants, there is an increase in the level of mRNAs encoding for biosynthetic enzymes of coenzyme Q¢
(CoQg), an essential electron carrier of the mitochondrial respiratory chain. We show that the mega complexes involved in
CoQg biosynthesis (CoQ synthomes) are destabilized in ERMES mutants. This, in turn, affects the level and distribution of
CoQ within the cell, resulting in reduced mitochondrial CoQq. We suggest that these outcomes contribute to the reduced
respiration observed in ERMES mutants. Fluorescence microscopy experiments demonstrate close proximity between the
CoQ synthome and ERMES, suggesting a spatial coordination. The involvement of the ER-mitochondria contact site in

regulation of CoQq biogenesis highlights an additional level of communication between these two organelles.
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Introduction

Over the past two decades, our initial conception of
eukaryotic cell architecture has been gradually altered.
The original idea of solitary organelles scattered sparsely
in the cytosol has been replaced by an appreciation of
the close cooperation that exists between organelles.
Indeed, organelles are tightly packed together and are
anything but solitary. All organelles appear to have the
capacity to be tethered to one another by designated
structures termed membrane contact sites, and these
contact sites are generated by use of tethering molecules
(Kakimoto et al., 2018; Shai et al., 2018; Valm et al.,
2017). Such areas of close membrane apposition allow
for the transfer of metabolites, lipids, and other mole-
cules between the two organelles (Eisenberg-Bord, Shai,
Schuldiner, & Bohnert, 2016). One of the most studied
contact sites is formed between the endoplasmic reticu-
lum (ER) and mitochondria. In the budding yeast
Saccharomyces  cerevisiae (hereafter termed yeast),
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a prominent complex promoting association of the ER
and mitochondria is the ER-mitochondria encounter
structure (ERMES; Kornmann et al., 2009). ERMES
is composed of four subunits: two mitochondrial sub-
units (Mdm10 and Mdm34), an ER localized subunit
(Mmml), and a soluble subunit (Mdm12).

One of the most closely examined roles of ERMES is
the transfer of phospholipids. As mitochondria cannot
synthesize most of the lipids that they require, phospho-
lipids, sterols, and ceramide/sphingolipids must be
imported from the ER. Hence, ER-mitochondria con-
tact sites accommodate many lipid transfer factors and
proteins that are involved in lipid metabolism (Dimmer
& Rapaport, 2017). Recently, it was shown that the
Mmml-Mdml12 complex can mediate phospholipid
transfer in vitrro and that mutations in MMM]I or
MDM]I2 lead to impaired phospholipid transfer through
the ERMES complex in vivo (Kawano et al., 2018).
Surprisingly, ERMES mutants typically exhibit only a
mild decrease in specific phospholipids at mitochondria
due to the existence of compensatory mechanisms for
phospholipid transfer (Gonzalez Montoro et al., 2018;
John Peter et al., 2017; Kojima, Endo, & Tamura, 2016;
Lang, Peter, Walter, & Kornmann, 2015; Tan et al.,
2013). Despite the moderate effects on lipid transfer
between organelles, ERMES disruption leads to a wide
array of cellular phenotypes, including loss of mitochon-
drial morphology, increased loss of mitochondrial DNA,
and reduced respiratory capacity (Berger, Sogo, & Yaffe,
1997, Hobbs, Srinivasan, McCaffery, & Jensen, 2001;
Kornmann et al., 2009; Youngman et al., 2004). Why
loss of ERMES causes these adverse phenotypes, includ-
ing respiratory deficiency, has not yet been fully eluci-
dated. Hence, we have focused our attention on the role
of ERMES in regulating respiration.

Here, we show that cells lacking ERMES components
exhibit increased mRNA levels for proteins that partic-
ipate in the coenzyme Qg (CoQg) biosynthetic pathway.
CoQq is a polyisoprenylated benzoquinone lipid that
functions within the electron transport chain of the
inner mitochondrial membrane of yeast. CoQg can also
act as a lipophilic antioxidant (Awad et al., 2018; Tran &
Clarke, 2007). All of the steps required for the assembly
of the polyisoprenoid diphosphate tail of CoQ, its liga-
tion to aromatic ring precursors, and modification of the
ring precursor are catalyzed by Coq enzymes associated
with the matrix side of the mitochondrial inner mem-
brane (Awad et al., 2018; Bentinger, Tekle, & Dallner,
2010). Many of the these Coq polypeptides (Coq3-Coq9
and Coql1) assemble within a mega complex termed the
CoQ synthome (Allan et al., 2015; Belogrudov et al.,
2001; He, Xie, Allan, Tran, & Clarke, 2014; Marbois
et al., 2005; Marbois, Gin, Gulmezian, & Clarke,
2009). Synthesis of the polyisoprenoid tail of CoQg orig-
inates from compounds that derive from the mevalonate

pathway associated with the ER, suggesting that the ER-
mitochondria contact site might promote movement of
CoQg, or its biochemical intermediates and precursors,
between these two organelles.

Indeed, we show that the CoQ synthome is destabi-
lized in ERMES mutants, and this results in transcrip-
tionally upregulated, yet inefficient, de novo CoQg
biosynthesis. Such compromised synthesis results in an
increase of CoQg-intermediates as well as accumulation
of CoQg at non-mitochondrial cellular membranes. We
further demonstrate that ERMES mutants harbor
decreased steady-state levels of CoQg and CoQg-inter-
mediates within mitochondria. This reduced level may
contribute to the respiratory deficiency. Furthermore,
ERMES-mediated contacts seem to be located in prox-
imity to specialized matrix niches where the CoQ syn-
thome is enriched, suggesting a spatially regulated
process. Our study provides new insights into the
relevance of ER-mitochondria contacts to CoQg homeo-
stasis and, more broadly, to cellular respiration.

Materials and Methods

Strains and Plasmids

Saccharomyces cerevisiae strains and plasmids used in
this study are listed in Table SI and Table S2, respec-
tively. Yeast strains were based on strains S288C
(BY4741; Brachmann et al., 1998) or W303 (Thomas
& Rothstein, 1989). Transformations of polymerase
chain reaction (PCR) products into yeast cells were per-
formed using the Li-acetate method (Gietz & Woods,
2006; Janke et al., 2004; Longtine et al., 1998). Primers
were designed using Primers-4-Yeast: http://www.weiz
mann.ac.il/Primers-4-Yeast/ (Yofe & Schuldiner, 2014).

RNA-Sequencing

S288C (BY4741) cells were cultured overnight in a syn-
thetic medium SD (2% [wt/vol] glucose, 0.67% [wt/vol]
yeast nitrogen base with ammonium sulfate and amino
acid supplements) at 30°C. W303 cells were cultured
overnight in a synthetic medium SGly (3% [wt/vol] glyc-
erol, 0.67% [wt/vol] yeast nitrogen base with ammonium
sulfate and amino acid supplements) at 30°C. In the
morning, cells were back-diluted to ODggp~ 0.01 and
followed until reaching ODggo~ 0.2. Cells were centri-
fuged (3,000 g, 3 min), and the pellet was frozen in liquid
nitrogen and stored at —80°C until further analysis.
For all samples, RNA was purified as described
(Voichek, Bar-Ziv, and Barkai, 2016). Briefly, RNA
was extracted according to a protocol of Nucleospin®
96 RNA Kit (Machery-Nagel) with two modifications:
Lysis was performed by adding 450 pl of lysis buffer
containing 1 M sorbitol, 100 mM EDTA, and 0.45 pl
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lyticase (10 TU/ul) to cells in a 96 deep-well plate. The
plate was then incubated for 30 min at 30°C, centrifuged
(3,000 g, 10 min) and the supernatant was removed. In
addition, dithiothreitol was used as a replacement for
B-mercaptoethanol.

For S288C (BY4741) cells, RNA was fragmented,
RNA molecules harboring a poly(A) were enriched,
and this was followed by cDNA preparation, barcoding,
and sequencing using Illumina HiSeq 2500, as described
in Voichek et al. (2016). For W303 cells, RNA libraries
were created by reverse transcription with a barcoded
poly(T). DNA-RNA hybrids were pooled, followed by
use of a hyperactive variant of the Tn5 transposase for
fragmentation. SDS (0.2%) was used to strip Tn5 from
DNA. Following SDS treatment, samples were purified
using Solid Phase Reversible Immobilization (Beckman
Coulter) Beads. cDNA was then amplified using PCR
and sequenced using the Illumina NextSeq 500.

Single end reads were mapped to S. cerevisiae genome
(R64 in SGD;, Cherry et al., 2012) using bowtie (parameters:
—best —a —m 2 —strata -5 10; Liu et al., 2005). Following
alignment, reads mapped to rRNA were excluded. For
S288C samples, reads were down sampled to 400,000
reads and normalized for PCR bias using the unique molec-
ular identifier (Kivioja et al., 2012). For all samples, expres-
sion of each gene was the summary of reads aligned between
400 bp upstream and 200 bp downstream of the predicted
open reading frame. The gene expression summary was nor-
malized to be 1,000,000 and a gene with an expression below
10 was excluded from further analysis (Voichek et al., 2016).
Each sample was analyzed twice, and values shown are typ-
ically the average of the two. However, if only one sample
had a value, that value was utilized.

Mitochondrial Purification

Yeast wild-type and ERMES mutant cultures were cul-
tured in YPGly (3% [wt/vol] glycerol, 1% [wt/vol] Bacto
yeast extract, and 2% [wt/vol] Bacto peptone) at 30°C.
Cells were harvested at ODggy < 4.0, and mitochondria
were purified with discontinuous Nycodenz as described
(Glick & Pon, 1995). Protease inhibitor mixture (Roche
Complete EDTA-free), phosphatase inhibitor cocktail set
11 (EMD Millipore), and phosphatase inhibitor cocktail set
3 (Sigma-Aldrich) were added to the solutions. Gradient-
purified mitochondria were frozen in liquid nitrogen and
stored at —80°C until further analysis. Mitochondria from
yeast Acog mutants were purified in the same manner from
cultures expanded in YPGal medium (2% [wt/vol] galac-
tose, 0.1% [wt/vol] dextrose, 1% [wt/vol] Bacto yeast
extract, and 2% [wt/vol] Bacto peptone).
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SDS-PAGE Anadlysis of Steady-State Levels of Coq
Polypeptides

Purified mitochondria were resuspended in SDS sample
buffer consisting of 50 mM Tris, pH 6.8, 10% glycerol,
2% SDS, 0.1% bromophenol blue, and 1.33%
B-mercaptoethanol and proteins were separated by
SDS-PAGE on 12% Tris-glycine polyacrylamide gels.
An aliquot of 25 pg of purified mitochondria, as mea-
sured by the bicinchoninic acid assay standardized using
bovine serum albumin, was loaded in each lane.

Two-Dimensional Blue Native- and SDS-PAGE Analysis
of CoQ Synthome

Analyses of protein complexes by blue native (BN) gel
electrophoresis were performed as previously described
(Schagger, Cramer, & Vonjagow, 1994; Wittig, Braun, &
Schagger, 2006). Briefly, an aliquot of 200 pg protein of
purified mitochondria was pelleted by centrifugation
(14,000 g, 10 min) and solubilized at a concentration
of 4 mg protein/ml on ice for 1 h with BN solubilization
buffer containing 11 mM HEPES, pH 7.4, 0.33M
sorbitol, 1x NativePAGE sample buffer (Thermo
Fisher Scientific), 16 mg/ml digitonin (Biosynth),
Roche Complete EDTA-free protease inhibitor mixture
(Roche Complete EDTA-free), phosphatase inhibitor
cocktail set II, and phosphatase inhibitor cocktail set
3. The soluble fraction was obtained by centrifugation
(100,000 g, 10 min) and the protein concentration in
the supernatant was determined by bicinchoninic
acid assay. NativePAGE 5% G-250 sample additive
(Thermo Fisher Scientific) was added to the supernatant
to a final concentration of 0.25%. The first-dimension
BN gel electrophoresis was performed using
NativePAGE 4-16% Bis-Tris gel 1.0 mm x 10 wells
(Thermo Fisher Scientific). First-dimension gel slices
were soaked in hot SDS sample buffer for 15 min
before loading them onto second dimension 12%
Tris-glycine polyacrylamide gels. The high molecular
weight standards for first-dimension BN gel electropho-
resis were obtained from GE Healthcare (Sigma-
Aldrich) and the molecular weight standards for the
second dimension SDS-PAGE were obtained from
Bio-Rad.

Immunoblot Analyses

Proteins were transferred onto 0.45 pum nitrocellulose
membrane (Bio-Rad). Membranes were blocked in
0.5% bovine serum albumin, 0.1% Tween 20, 0.02%
SDS in phosphate-buffered saline. Membranes were
probed with primary antibodies in the same blocking
buffer at the dilutions listed in Table S3. IRDye
680LT goat anti-rabbit IgG secondary antibody or
IRDye 800CW goat anti-mouse IgG secondary antibody



(LiCOR) was used at 1:10,000 dilutions. Blot
images were recorded using LiICOR Odyssey Infrared
Scanner (LiICOR).

BN-PAGE and Analysis of ATP Synthase

Wild type and Amdm10 of the W303 background were
grown in SLac (2% [wt/vol] lactate, 0.67% [wt/vol]
Bacto yeast nitrogen base without amino acids), har-
vested at ODgqo < 2.0 and isolated by differential centri-
fugation as described (Daum, Bohni, and Schatz (1982).
BN-PAGE was performed as described earlier
(Schagger, 2002). Briefly, 100 pg mitochondria were
lysed in 40 pl buffer containing digitonin (1% digitonin,
20 mM Tris-HCI, 0.1 mM EDTA, 50 mM NacCl, 10%
[vol/vol] glycerol, 1 mM PMSF, pH 7.2). After incuba-
tion on ice for 15 min and a clarifying spin (30,000 g,
15 min, 2°C), 5 pl sample buffer (5% (w/v) Coomassie
blue G, 500 mM 6-amino-N-caproic acid, 100 mM Bis-
Tris, pH 7.0) was added. The native complexes were
analyzed by electrophoresis in a 6-14% gradient of
acrylamide blue native gel. Proteins were transferred to
polyvinylidene fluoride membranes and proteins were
further analyzed by immunodecoration.

Stable Isotope Labeling

Cells were shaken overnight at 30°C in 100 ml of YPGly
and diluted the next morning to an ODgyy ~0.1 with
fresh YPGly. The cultures were incubated as before
until they reached an ODgg of 0.6. Then ethanol (as
vehicle control) or 8 pg/ml of the stable isotopes
13Cs-pABA or *C¢-4HB were added, and the cultures
were expanded for an additional 5 h. At each time point,
triplicates of 10 ml culture were harvested by centrifuga-
tion (3,000 g, 5 min). Cell pellets were stored at —20°C.

Lipid Extractions and Analysis of CoQs and CoQ,
Intermediates

For lipid extractions, approximately 100 pg of purified
mitochondria from each strain were prepared in tripli-
cates. The same amount of internal standard CoQ,4 was
added to all samples and standards, followed by the
addition of 2 ml methanol. Lipids were extracted twice,
each time with 2 ml petroleum ether. Extracted lipids
were dried down with N, and stored at —20°C. Lipid
extraction from isotopically labeled whole cell was per-
formed in the same way from frozen cell pellets
in triplicate.

For lipid analyses, dried lipids were reconstituted in
200 pl of 0.5 mg/ml benzoquinone in order to oxidize
hydroquinones to quinones. An aliquot of 20 pl of each
sample was injected into a 4000 QTRAP linear MS/MS
spectrometer (Applied Biosystems). Applied Biosystems
software, Analyst version 1.4.2, was used for data

acquisition and processing. The chromatographic sepa-
ration was carried out using a Luna 5 um phenyl-hexyl
column (100 x 4.6 mm, 5 um; Phenomenex) and a
mobile phase consisted of 95:5 methanol/isopropanol
solution with 2.5 mM ammonium formate as solution
A and 100% isopropanol solution with 2.5 mM ammo-
nium formate as solution B. The percentage of solution
B was increased linearly from 0 to 10% over 7 min,
whereby the flow rate was increased from 650 to 800
pl/min. Each sample was analyzed using multiple reac-
tion monitoring mode. The precursor-to-product ion
transitions monitored for each sample are listed in
Table S4. The area value of each peak, normalized
with the correspondent standard curve and internal stan-
dard, was referred to the total mitochondrial protein
present in the sample or total OD of cells in each cell
pellet. Statistical analysis was performed with GraphPad
Prism with one-way analysis of variance Bonferroni’s
multiple comparisons test, with the Greenhouse-
Geisser correction for mitochondrial lipid analyses,
and with two-way analysis of variance Dunnett’s multi-
ple comparisons test for whole cell lipid analyses.

Microscopy

Yeast were cultured overnight at 30°C in either SGly for
‘W303 cells or SD for S288C strain. In the morning, cells
were back-diluted to ODggp~0.2 and cultured until
reaching mid-logarithmic phase. Cells were then moved
to glass-bottom, 384-well microscope plates (Matrical
Bioscience) coated with Concanavalin A. After 20 min
incubation at room temperature to enable adherence of
cells to the matrix, the wells were washed with medium.
Cells were then imaged at room temperature using a 60x
oil lens (NA 1.4) in the VisiScope Confocal Cell Explorer
system, which is composed of a Zeiss Yokogawa spin-
ning disk scanning unit (CSU-WI1) coupled with an
inverted IX83 microscope (Olympus). Single-focal-
plane images were taken using a PCO-Edge sCMOS
camera, controlled by VisiView software (GFP-488
nm, RFP-561 nm, or BFP-405 nm). Images were
reviewed using ImageJ, where brightness adjustment
and cropping were performed.

Results

Yeast Lacking ERMES Have Higher Levels of
Transcripts for Coenzyme Q Biosynthesis Enzymes

To investigate how ERMES contributes to the respira-
tory capacity of yeast cells, we measured the transcrip-
tional response prompted by deletion of genes encoding
ERMES subunits. We performed RNA sequencing on
ERMES mutants from two different yeast genetic back-
grounds: W303 yeast that were cultured on medium
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containing glycerol (a nonfermentable carbon source),
to ensure preservation of their mitochondrial DNA
(Hobbs et al., 2001), or S288C (BY4741) yeast, in
which the ERMES mutants harbor reduced levels of
mitochondrial DNA, and were therefore cultured on
medium containing glucose to enable fermentation (the
complete list of mRNA levels in ERMES mutants is in
Table S5).

When surveying transcripts which are associated with
mitochondrial respiration, we noticed that the mRNA
levels of most COQ genes involved in the biosynthesis of
CoQg were elevated relative to those in the respective con-
trol, in both genetic backgrounds and irrespective of the
medium used (Figure 1(a) for W303 and Figure Sl(a) for
$288C). Of note, the mRNA levels of genes encoding for

subunits of the respiration complexes did not show a con-
sistent trend of either up- or downregulation (Figure S1(b).

We therefore tested whether the higher mRNA levels
of the COQ genes resulted in higher protein levels of
those polypeptides, in mitochondria purified from
W303 cells (Figure 1(b)). We examined the steady-state
levels of Coq proteins that have previously been identi-
fied as members of the CoQ synthome, as well as Coq10,
which is not part of the CoQ synthome but is thought to
chaperone CoQq from the synthome to sites of function
(Allan et al., 2013; Barros et al., 2005). Surprisingly, we
observed that the steady-state levels of all Coq proteins
in the mutant cells were either similar, or even
slightly reduced, relative to their amounts in control
cells (Figure 1(b)).
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Figure |. Cells lacking ERMES show higher levels of COQ mRNAs without alterations to Coq proteins. (a) Levels of mMRNAs of the
indicated COQ genes were measured in different W303-based strains deleted for ERMES subunits (Ammm1, Amdm |0, Amdm|2 Amdm34),
and a control strain, during growth in medium containing glycerol. The majority of COQ biosynthetic genes show higher mRNA levels
compared to the control. Values are averages of two biological repeats. (b) Immunoblotting for steady-state levels of Coq polypeptides in
purified mitochondria isolated from the indicated W303-based strains. Shown are mutants of the ERMES complex (Ammm/, Amdm10,
Amdm 12, and Amdm34), Acoq (Acog3-Acoql0) and a control, demonstrating that steady-state levels of the different Coq polypeptides
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their respective blots. Images are representative gels from at least two biological replicates.
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The CoQ Synthome Is Destabilized in the Absence of
ERMES Subunits

As the overall mRNA levels of the COQ transcripts were
higher in ERMES deletions, yet there was no major dif-
ference in protein levels, it seems that Coq proteins
might be less stable in cells lacking the ERMES complex.
Since most of the Coq polypeptides assemble in the CoQ
synthome (Belogrudov et al., 2001; He et al., 2014;
Marbois et al., 2005; Marbois et al., 2009) and proteins
may become unstable when not assembled properly into
their natural complexes, we examined the CoQ syn-
thome by two-dimensional BN-PAGE (Figures 2 and
S2(a)). Previously, the CoQ synthome was studied
when galactose was used as a carbon source (He et al.,
2014; Nguyen et al., 2014). However, to match the con-
ditions we previously used for our assays, we followed
Cog4, Coq5, and Coq9 in mitochondrial lysates from
glycerol-cultured W303 cells. As expected, in control
cells, the CoQ synthome was represented by high molec-
ular weight signals, spanning a size range of 140 kDa
to>1 MDa for both Cogq4 and Coq9 (Figures 2(a)
and (b) and S2(a)) and between 440 kDa to >1 MDa

for Coq5 (Figure 2(b)). However, in the ERMES mutant
strains, the majority of very large species (>MDa), rep-
resenting the CoQ synthome, was replaced by subcom-
plexes with apparent migration equal to or less than
~440 kDa (Figures 2 and S2(a)), indicating that the
CoQ synthome is indeed destabilized in the absence of
the ERMES complex. This is not due to a general desta-
bilization of mitochondrial complexes, as the ATP syn-
thase (complex V) was not affected by the absence of the
ERMES subunit Mdm10 (Figure S2(b)). Furthermore,
previous work did not reveal any change in the migra-
tion behavior of porin oligomers and the Tim22 complex
in Amdm10 strains (Meisinger et al., 2004). Collectively,
our current results, alongside previous observations,
suggest that the effect of ERMES mutants on the CoQ
synthome is specific.

ERMES Deletion Strains Show Elevated De Novo
Synthesis of CoQs and Accumulate CoQg and
CoQg-Intermediates in Whole Cells

To quantify how the biosynthesis of CoQyq is affected by
destabilization of the CoQ synthome in ERMES mutants,
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Figure 2. The CoQ synthome is destabilized in the absence of ERMES subunits. (a) Two-dimensional Blue Native-SDS-PAGE gel elec-
trophoresis analysis of the CoQ synthome in mitochondria from ERMES mutants or from a wild-type (WT) control strain. Gels were
immunoblotted against Cog4. In the control sample, the CoQ synthome appears as complexes ranging from 232 kDa to >| MDa (the
positions of the synthome is marked by the yellow arrow), while in the AERMES strains, the high molecular weight signal is replaced by a
signal dispersed over a range of smaller molecular weights (indicated by brackets). The relevant band was identified by comparing the
bands in the WTand Acoq4 lanes. The red asterisk (*) indicates a discrete nonspecific signal observed with the antisera to Cog4. (b) Two-
dimensional Blue Native-SDS-PAGE gel electrophoresis was performed as described in (a). Mitochondria from Acog5 strain were used to
identify specific bands (Coq?9 is also destabilized and undetectable in the Acog5 strain). Gels were immunoblotted against Cog5 and Coq9.
The strong Coq5 and Coq9 bands in the higher molecular weight (>669 kDa) in the control sample (indicated by yellow arrows) are
weaker in the AERMES strains and are replaced by an additional diffuse signal in the lower molecular weights (indicated by brackets).
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we measured de novo synthesis of CoQg in vivo. Yeast cells
may utilize either para-aminobenzoic acid (pABA) or 4-
hydroxybenzoic acid (4HB) as ring precursors of CoQg
(Marbois et al., 2010; Pierrel et al., 2010). Early-stage inter-
mediates, hexaprenyl-aminobenzoic acid (HAB) and
hexaprenyl-hydroxybenzoic acid (HHB) are derived from
prenylation of pABA or 4HB, respectively. Subsequent
modifications of the aromatic ring produce late-stage inter-
mediates such as demethyl-demethoxy-QsH, (DDMQy),
and demethoxy-QsH, (DMQg), which eventually lead to
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production of QgH, (for a schematic of the pathway, see
Figure 3(a)). The amino substituent on the pABA ring is
removed by a combination of Arhl, Yahl, Coq6, and
Coq9 (He et al., 2015; Ogzeir et al., 2015) and 4-imino-
demethyl-demethoxy-Q¢H, (IDDMQ) and 4-imino-deme-
thoxy-QgH> (IDMQy) likely represent dead-end products.

To determine whether CoQg production was altered
in the ERMES deletion strains, we analyzed de novo
biosynthesis of *C-CoQg with *C ring-labeled precur-
sors, namely, *Ce-pABA and '3C¢-4HB. Surprisingly,
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Figure 3. Biosynthesis of CoQg and CoQg¢-intermediates is increased in cells lacking the ERMES complex. (a) Schematic representation of
selected steps of the CoQg biosynthesis pathway. CoQ¢-intermediates that were analyzed using mass spectrometry (MS) are indicated in
green text. (b-g) MS-MS analysis for CoQg and CoQg-intermediates in whole cell lipid extracts from W303 control, Ammm/[, Amdm|0,
Amdm |2, and Amdm34 strains. '*C4-CoQg and '*C,-CoQg-intermediates derived from I3Cs-pABA are depicted in red, while the
13C¢-CoQq and '>C¢-CoQg-intermediates derived from '*C¢-4HB are depicted in blue. The biosynthesis of 13C¢-CoQq (b) is increased in
Amdm 10, Amdm |2, and Amdm34 strains labeled with '3C¢-pABA or '3C¢-4HB. The biosynthesis of '>C¢-HHB (c) and '>C¢-HAB (d) is
significantly higher in all the ERMES deletion strains. The de novo levels of demethyl-demethoxy-Q ('*Cs-DDMQy) (&), 4-imino-DMQs
(C¢-IDMQg) (f), and demethoxy-Qg (>Cs-DMQ) (g) are significantly increased in Amdm 10, Amdm |2, and Amdm34 strains, with the
exception of '*C¢-DMQg in Amdm34 that did not change after the labeling with '>C4-4HB. Values are the mean of three repeats. The
error bar indicates +SD. Statistically significant differences between control (WT) and each of the ERMES mutants are represented by
*, p <.05; %, p<.01; ¥ p<.001, and ¥, p <.0005. HHB = hexaprenyl-hydroxybenzoic acid; HAB = hexaprenyl-aminobenzoic acid;
CoQ = Coenzyme Q; DDMQ = demethyl-demethoxy-Q; DMQ = demethoxy-Q; IDMQ = 4-imino-demethoxy-Q.
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we saw that Amdml0, Amdmli2, and Amdm34 cells
showed enhanced de novo synthesis of '’Cg-CoQq
(Figure 3(b)). These mutants also accumulated
CoQg-intermediates emanating from '*Ce-pABA and
13C¢-4HB, whereas AmmmI cells only contained signifi-
cantly higher amount of '3Cg-labeled HAB and HHB,
but not the other intermediates (Figure 3(c) to (g)). We
also measured the levels of unlabeled CoQg (which cor-
respond to the steady-state levels) in the same samples
and observed an accumulation of unlabeled CoQq and
CoQg-intermediates in most of the ERMES deletion
mutants, regardless of the presence or absence of
3C-labeled precursor (Figure S3). The results suggest
that the destabilized CoQ synthome in ERMES mutants
results in an aberrant accumulation of CoQg as well as
CoQg-intermediates.

ERMES Deletion Strains Show Decreased
Steady-State Levels of CoQg and CoQg-Intermediates
in Isolated Mitochondria

Although the biosynthesis of yeast CoQq occurs exclu-
sively within mitochondria, CoQg is present in all

cellular membranes (Bentinger et al., 2010). To focus
on the status of CoQg in mitochondria, we compared
the steady-state content of CoQg in mitochondria isolat-
ed from the ERMES deletion mutants to mitochondria
obtained from a control strain. Although the overall cel-
lular levels of CoQq in these mutants were increased, the
steady-state levels of CoQg per unit of mitochondrial
protein were significantly reduced in mitochondria iso-
lated from Ammml, Amdml0, or Amdml2 strains
(Figure 4(a)). Only strains lacking Mdm34 appeared to
have nearly normal levels of CoQg. Isolated mitochon-
dria from all of the ERMES deletion strains also
contained lower levels of the late-stage intermediates
IDMQg and DMQg (Figure 4(b) and (c), respectively).
The levels of the late-stage intermediate DDMQg were
reduced in all strains, though the reduction was not sta-
tistically significant (Figure 4(d)). Our finding of
decreased steady-state levels of CoQg and its late inter-
mediates in isolated mitochondria suggests that the accu-
mulation of these molecules in whole cell lipid extracts
(Figures 3 and S3) must reside in non-mitochondrial
membranes. Moreover, reduced levels of pathway prod-
uct in vicinity to the enzymes may reduce feedback
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Figure 4. Mitochondria from ERMES mutants show less CoQg an

d CoQg-intermediates. (a-f) Targeted MS-MS analyses for CoQg and

CoQg-intermediates from purified mitochondria from W303 wild-type (WT) control, ERMES mutants (Ammm1, Amdm|0, Amdm|2, and
Amdm34) as well as Acoq7, which was included as a negative control. Levels of (a) CoQ, were significantly reduced in all ERMES deletion

strains except for Amdm34. Levels of (b) IDMQq and (c) DMQg w
(d) DDMQg¢ were not significantly changed. Levels of (€) HHB and (

ere significantly reduced in all ERMES deletion strains. Levels of
f) HAB were significantly higher in the Acoq7 strain; however, ERMES

deletion strains did not show an accumulation of either HHB or HAB (with the exception of Amdm34 accumulating HHB). Values are

means of three biological repeats. The error bar indicates +SD. St:
ERMES mutants are represented by *, p <.05; **, p <.01; ¥ p <
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inhibition (Berg, Tymoczko, & Stryer, 2002; Gehart &
Pardee, 1962; Umbarger, 1961), providing an explanation
for the increased rate of synthesis observed in ERMES
mutants. However, feedback inhibition has not yet been
reported for Coq enzymes.

In the complete absence of the CoQ synthome, strains
fail to make CoQg and can only carry out the first two
steps of the biosynthetic pathway, producing HAB or
HHB from the prenylation reaction of pABA or 4HB,
respectively, using precursors derived from the mevalo-
nate pathway in the ER (He et al., 2014). Indeed, dele-
tion of the COQ7 gene resulted in a dramatic
accumulation of HHB and HAB (Figure 4(e) and (f)),
as observed previously (Tran & Clarke, 2007).
Interestingly, in the strains deleted for ERMES subunits,
this accumulation of early CoQg-intemediates did not
occur (with the exception of HHB slightly accumulating
in the Amdm34 strain (Figure 4(e))). The difference in the
accumulation phenotypes between the ERMES-deletion
strains and Acoq7 suggests that in addition to stabilizing
the CoQ synthome, ERMES has a role at an earlier stage
of the pathway.

The CoQ Synthome Resides in Specific Membrane
Niches in Proximity to ERMES Contacts

Strains lacking ERMES subunits exhibit increased levels
of cellular CoQg and CoQq-intermediates, yet mitochon-
drial CoQg and CoQg-intermediates are decreased and
the CoQ synthome is destabilized. In addition, early
pathway intermediates do not accumulate, suggesting a
reduced flux of precursors from the ER. We wondered
whether the ERMES complex may play a role in orga-
nizing the CoQ synthome and the trafficking of CoQg¢-
related metabolites near ER-mitochondria contacts. As
tagging Coq polypeptides with green fluorescent protein
(GFP) does not impair their function (Figure S4(a)), we
tagged Coq3, Coq4, Coq6, Coq9, and Coqll with GFP
and performed fluorescence microscopy. We noticed that
these proteins are not distributed evenly throughout the
mitochondrial matrix, but rather manifest a more punc-
tate distribution (data not shown), suggesting that there
might be discrete areas inside the mitochondrial matrix
that are dedicated to the synthesis of CoQg. If the assem-
bly of the CoQ synthome depends on ERMES, in a
strain deleted for ERMES the punctate pattern of the
GFP-tagged Coq polypeptide should disappear. Indeed,
when we GFP-tagged Coq6 and Coq9 in a strain har-
boring a deletion for MDM34, the Coq-GFP punctate
pattern was lost and the GFP signal was now spread
throughout the entire mitochondrion (Figure S4(b)).
However, as these mutants show dramatic alteration in
mitochondrial morphology (Kornmann et al., 2009), it is
hard to determine whether this effect is direct. To better
understand the spatial relationship between ERMES
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and the CoQ synthome, we tagged Coq6 and Coq9
with GFP in a strain expressing Mdm34 fused to
mCherry. Analyses of these cells revealed that more
than 70% of the Mdm34-mCherry-marked contacts
colocalized with Coq6-GFP or Coq9-GFP puncta
(Figure 5(a) and quantification in Figure 5(b)). This
colocalization was independent of genetic background
and was also evident in a S288C background strain
(Figure S4(c)). Our results strongly suggest that the
localization of the CoQ synthome is coordinated with
the position of the ER-mitochondria contact site.

Interestingly, in the yeast genome, the COQI0 and
MDM]I2 genes are adjacent and likely to share a pro-
moter (Cherry et al., 2012). Indeed, SPELL analysis of
transcriptional co-regulation (Hibbs et al., 2007) demon-
strates that these two genes are co-expressed. We there-
fore tested whether Coq10 is involved in the positioning
of the CoQ synthome next to ERMES. To this end, we
removed COQ10, then assessed colocalization between
Coq6-GFP and Mdm34-mCherry. The Coq6-GFP
signal was dramatically reduced upon COQ10 deletion,
consistent with previous findings (Hsieh et al., 2007).
Nevertheless, several Coq6-GFP-containing puncta
were observed. Quantification of the colocalization
between these Coq6-GFP puncta and Mdm34-mCherry
revealed that the positioning of the CoQ synthome next
to the ERMES complex was reduced in the cogl/0 null
mutant (Figure 5(c) and quantification in Figure 5(d)).
Our results suggest that the positioning of the CoQ syn-
thome within mitochondria is a regulated process which
depends upon the presence of Coql0.

Discussion

Contact sites play a critical role in shaping cellular archi-
tecture, and their facilitation of small molecule transfer
between organelles enables tight regulation of biochem-
ical pathways. In this study, we show that ERMES, an
ER-mitochondria contact site tether, plays a key role in
regulating CoQq biosynthesis and distribution.

The ERMES complex appears to impact CoQg syn-
thesis on two levels. First, absence of the ERMES com-
plex leads to destabilization of the CoQ synthome,
perturbed CoQg synthesis, and altered distribution of
CoQg and its precursors. Second, there is a clear spatial
coordination of the ERMES complex with the CoQ syn-
thome (Figure 5(e)). It is possible that ERMES may
directly impact the CoQ synthome; however, there is
no evidence showing direct interaction of ERMES sub-
units with known members of the CoQ synthome. We
also note that the effects of ERMES disruption on the
synthome and CoQg biogenesis may be, at least in part,
indirectly prompted by changes to phospholipid metab-
olism (Elbaz-Alon et al., 2014; Honscher et al., 2014;
Kawano et al., 2018; Lahiri et al., 2014) or by alteration
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Figure 5. Members of the CoQ synthome reside in a matrix niche that underlies the ERMES complex. (a) Yeast cells expressing the
indicated GFP-tagged Coq protein, the ERMES component Mdm34 tagged with mCherry, and a marker for the mitochondrial matrix (blue
fluorescent protein [BFP] fused to a mitochondrial targeting sequence [MTS]) were imaged using fluorescence microscopy. Mitochondrial
Coq foci that underlie ERMES are indicated by arrows. Scale bar =5 piM. (b) Quantification of (a), for each cell, the Coq-GFP foci were
identified. Then the proximity between each Mdm34-mCherry puncta and Coq-GFP was assessed. n = 100 Mdm34-mCherry puncta.
(c) Yeast cells expressing Coqé-GFP, Mdm34-mCherry, and a MTS-BFP were imaged using fluorescence microscopy on either control or
Acoq |0 background. Scale bar =5 pM. (d) Quantification of (c). The proximity between each Mdm34-mCherry puncta and the Coqé-GFP
signal was examined. n = 100 Mdm34-mCherry puncta. (e) Schematic representation of the colocalization of ERMES and the CoQ
synthome. Coqé and Coq9, which were visualized in (a), are highlighted in orange. (f) A suggested model for the retention of CoQg¢ and
CoQg-intermediates inside mitochondria: Under normal conditions, the CoQ synthome is well assembled and CoQg biosynthesis
(represented by the red arrow) occurs efficiently inside mitochondria. This catalytic efficiency ensures that early- and late-stage CoQq-
intermediates do not accumulate, and optimal funneling through the pathway reduces loss across the mitochondrial outer membrane and
into the rest of the cell. When the ERMES complex is absent, the stability of the CoQ synthome is compromised. A partially destabilized
CoQ synthome underlies inefficient CoQ biosynthesis, leading to leakage of early- and late-stage CoQg-intermediates. OM = outer
membrane, IM = inner membrane; GFP = green fluorescent protein; BFP = blue fluorescent protein; MTS = mitochondrial targeting
sequence; ER = endoplasmic reticulum; ERMES = ER mitochondria encounter structure; HHB = hexaprenyl-hydroxybenzoic acid;

HAB = hexaprenyl-aminobenzoic acid; CoQ = Coenzyme Q; DDMQ = demethyl-demethoxy-Q; DMQ = demethoxy-Q; IDMQ =4-
imino-demethoxy-Q.

of the shape and size of mitochondria (Hanekamp et al., interface (Figure 5(c) and (d)). COQI0 encodes a
2002; Tan et al., 2013; Youngman et al., 2004). membrane-spanning protein harboring a putative ste-

We have shown that Coql0 is involved in the coordi-  roidogenic acute regulatory-related lipid transfer
nation of CoQjg synthesis across the ER-mitochondria (StART) domain and a lipid-binding pocket for CoQq
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and late-stage CoQg-intermediates (Allan et al., 2013) .
Although Coql0 has not been shown to be part of the
CoQ synthome, it is necessary for efficient de novo CoQg
biosynthesis and respiration (Allan et al., 2013). The co-
expression of the COQI10 and MDM]I2 genes (Hibbs
et al., 2007) might help coordinate the levels of Coql0
and ERMES to allow a better positioning of the CoQ
synthome next to ER-mitochondria contact sites as they
fluctuate in amount with changing cellular needs.
Intriguingly, when overexpressed, Mdm12 is capable of
entering the nucleus (Weill et al., 2018), raising the pos-
sibility of feedback control of the CoQ synthome-
ERMES interaction. Moreover, the specific mechanism
by which COQ genes are transcriptionally upregulated
by ERMES disruption remains to be determined, but
extensive communication exists between mitochondria
and the nucleus (Eisenberg-Bord & Schuldiner, 2017),
and at least one pathway by which CoQ biosynthesis
can be upregulated by CoQ deficiency has been revealed
in metazoans (Oks, Lewin, Goncalves, & Sapir, 2018).

How do CoQg and CoQg-intermediates escape from
mitochondria and accumulate in non-mitochondrial
membranes in the ERMES deletion mutants? This
might be due to a direct or indirect effect. Given that
many Coq proteins of the CoQ synthome can bind to
CoQg or its biosynthetic intermediates, we propose that
a destabilized CoQ synthome causes reduced sequestra-
tion of CoQg within mitochondria (Figure 5(f)). In an
alternative, yet not mutually exclusive model, disruption
of ERMES mutants leads to reduced degradation of
CoQg outside of mitochondria. Although CoQg degra-
dation has not been studied extensively, it is believed
that degradation of the polyisoprene tail of CoQg may
be carried out in peroxisomes via both o- and B-oxida-
tion (Wanders, 2014). Indeed, we have previously shown
that peroxisome-mitochondria (PERMIT) contact sites
reside in proximity to ER-mitochondria contact sites
(Cohen et al., 2014), raising the possibility that loss of
ERMES may also affect the capacity to degrade
escaped CoQg.

Excitingly, our findings are likely to have relevance to
human health and disease. In mammals, the mitofusin 2
(MFN2) protein acts as a tether between the ER and
mitochondria (de Brito & Scorrano, 2008), and condi-
tional MFN2 knock-out mice exhibit impaired respira-
tion linked to a decrease in mitochondrial levels of the
mammalian ubiquinones, CoQy and CoQ;o (Mourier
et al., 2015). It is hypothesized that this phenotype is
not directly related to the role of MFN2 in mitochon-
drial fusion as the CoQ deficiency was not linked to the
morphology of the mitochondrial network. These find-
ings further suggest that a reduction in ER-mitochondria
tethering can perturb CoQ biosynthesis, suggesting par-
allels between the yeast and mammalian cells.
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Polyunsaturated fatty acid (PUFA) peroxidation is initiated by hydrogen atom abstraction at bis-allylic sites
and sets in motion a chain reaction that generates multiple toxic products associated with numerous
disorders. Replacement of bis-allylic hydrogens of PUFAs with deuterium atoms (D-PUFAs), termed site-
specific isotope reinforcement, inhibits PUFA peroxidation and confers cell protection against oxidative
stress. We demonstrate that structurally diverse deuterated PUFAs similarly protect against oxidative
stress-induced injury in both yeast and mammalian (myoblast HI9C2) cells. Cell protection occurs
specifically at the lipid peroxidation step, as the formation of isoprostanes, immediate products of lipid
peroxidation, is drastically suppressed by D-PUFAs. Mitochondrial bioenergetics function is a likely
downstream target of oxidative stress and a subject of protection by D-PUFAs. Pretreatment of cells with
D-PUFAs is shown to prevent inhibition of maximal uncoupler-stimulated respiration as well as increased
mitochondrial uncoupling, in response to oxidative stress induced by agents with diverse mechanisms of
action, including t-butylhydroperoxide, ethacrynic acid, or ferrous iron. Analysis of structure-activity
relationships of PUFAs harboring deuterium at distinct sites suggests that there may be a mechanism
supplementary to the kinetic isotope effect of deuterium abstraction off the bis-allylic sites that accounts
for the protection rendered by deuteration of PUFAs. Paradoxically, PUFAs with partially deuterated bis-
allylic positions that retain vulnerable hydrogen atoms (e.g., monodeuterated 11-D;-Lin) protect in a
manner similar to that of PUFAs with completely deuterated bis-allylic positions (e.g., 11,11-D,-Lin).
Moreover, inclusion of just a fraction of deuterated PUFAs (20-50%) in the total pool of PUFAs preserves
mitochondrial respiratory function and confers cell protection. The results indicate that the therapeutic
potential of D-PUFAs may derive from the preservation of mitochondrial function.

© 2015 Elsevier Inc. All rights reserved.

Lipids containing polyunsaturated fatty acids (PUFAs) make up a
large fraction of vital cellular membranes, especially in specialized
cells, such as neurons and photoreceptor cells, as well as in specific
organelles, such as synaptic vesicles and photoreceptor discs, in
which they are essential for membrane performance [1]. Mitochon-
dria are particularly rich in PUFAs that are indispensable for main-
taining optimal function of membrane enzymes and transporters and
in modulating mitophagy and apoptosis [2-5]. However, the very
structural features that make PUFAs essential for membrane function
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also render them vulnerable to oxidation. Lipid peroxidation is an
important factor in the etiology of numerous neurological, ophthal-
mic, and other diseases. Unlike stoichiometric oxidative damage to
DNA and proteins, nonenzymatic lipid peroxidation is a chain
reaction; consequently, a process initiated by a single free radical
moiety causes oxidation of many PUFA residues [6,7] and leads to
rearrangements and scissions that give rise to variable carbonyl
compounds [7-9] and other toxic species [9,10]. These products of
lipid peroxidation show variable hydrophobicity and are highly
reactive, irreversibly damaging proteins [9,11], DNA bases [9,12],
and other biomolecules, and elicit electrophilic redox signaling [13].
The remaining PUFA ester “stubs” protrude from the lipid mem-
branes, forming “lipid whiskers” that can participate in apoptotic,



inflammatory, and other signaling [5,14,15]. Moreover, peroxidized
membrane lipids compromise physical-chemical properties of mem-
branes (such as membrane fluidity [16]) and their barrier function.
Antioxidants, which are consumed on interaction with radicals and
therefore require a continuous supply to keep reactive oxygen
species (ROS) in check, are generally inefficient at preventing the
process and sometimes even exacerbate it [9,17].

Site-specific isotope-reinforced PUFAs (D-PUFAs), such as 11,
11-D-linoleic acid (11,11-D,-Lin; Scheme 1), harbor deuterium
atoms at the bis-allylic positions and are protected against lipid
peroxidation in comparison to natural PUFAs [18,19]. The abstrac-
tion of bis-allylic atoms (D versus H) exhibits an isotope effect
and acts to slow the rate-limiting step of the peroxidation chain
reaction. For peroxidation mediated by the linoleyl peroxyl radical,
the kinetic isotope effect (KIE) for abstraction of bis-allylic D atoms
compared to H atoms is 12.8 [19]. Even higher KIEs are observed when
the tocopheroxyl radical mediates the peroxidation [20]. D-PUFAs
within cells are more resistant to lipid peroxidation as monitored with
the C11-BODIPY fluorescent probe [19]. Surprisingly, inclusion of only
a relatively small fraction of D-PUFAs is needed to inhibit the lipid
peroxidation of the larger nondeuterated PUFA pool [19,21].

Previous studies have shown that yeast lacking coenzyme Q (Q or
ubiquinone) are exquisitely sensitive to PUFA treatment [22,23]. This is
due to the loss of action of Q/QH; as a lipid-soluble, chain-terminating
antioxidant [24]. D-PUFAs compensate for the loss of Q/QH, function
and rescue the Q-less cog mutant yeast [18]. Site-specific reinforce-
ment at the bis-allylic position (e.g., 11,11-D-Lin; Scheme 1), compared
to other methylene positions, was found to be essential for this
protection, because treatment with monoallylic 8,8-D,-Lin failed to
protect Q-less yeast [19]. The sensitivity of the coq yeast mutants to
PUFA treatment is not due to their inability to respire, because the
respiratory-deficient corl-null mutant lacking complex Il does not
show sensitivity to PUFA treatment [18,19]. The D-PUFAs are incorpo-
rated into cellular membranes in the same way as normal, nondeut-
erated PUFAs, but are highly resistant to the chain reaction [18,19].

Oxidative stress and lipid peroxidation play major roles in
many neurodegenerative diseases, including Parkinson and
Alzheimer diseases, for which a critical involvement of mitochondria
is demonstrated [25,26]. We have earlier observed a mitigating effect
of D-PUFAs in models of several such disorders, including Parkinson
disease [27] and Friedreich ataxia [28].

Here we further investigate the dramatic cellular mechanisms of
protection afforded by D-PUFAs in both yeast and mammalian cells. We
present direct evidence that the protective mechanisms function by
inhibiting the lipid peroxidation step in the cascade of cellular oxidative
stress. Structure-activity analysis of various deuterated PUFAs shows that
KIE on abstraction at the initiation step of the chain reaction may not be
the only factor influencing the stability of D-PUFAs toward lipid peroxida-
tion. We also probe for potential effects of D-PUFAs on mitochondrial
function using oxygen consumption measurements in combination with
various mitochondrial inhibitors [29]. The results indicate that preserva-
tion of mitochondrial function may be one mechanism of cell protection
against oxidative stress conditions. Overall, this study suggests the
therapeutic potential of the isotope-reinforced PUFAs for applications in
a broad spectrum of diseases with a strong oxidative stress component.

Experimental methods
Fatty acids

The fatty acids used in this study are shown in Scheme 1. Ole, Lin,
a-Lnn, and Ara (99% pure) were from Sigma-Aldrich or Nu-chek Prep
(Elysian, MN, USA). The synthesis of 8,8-D,-Lin, 11,11-D,-Lin, 11-D-Lin,
11,11-Dy-o-Lnn, 14,14-D-a-Lnn, and 11,11,14,14-D4-o-Lnn was descri-
bed previously [18-20]. The synthesis of 14-D-a-Lnn, 11,14-D,-a-Lnn,
and 9,10,12,14-D,-Lin is described in the supplementary material. 'H,
13C NMR and mass spectrometry were used to confirm the structures
and purity of the deuterated PUFAs (supplementary material).

Yeast strains and growth media

Yeast strains used in this study are described in Table 1. Yeast
growth media were prepared as described [30] and included YPD
(1% yeast extract, 2% yeast peptone, 2% dextrose). Solid plate
medium contained 2% Bacto agar. Components for the growth
media were obtained from Difco, Fisher, and Sigma.

Fatty acid sensitivity assays

Fatty acid sensitivity assays were performed as described [18]. Yeast
cells were inoculated overnight in 5 ml YPD with aeration (250 rpm at
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Scheme 1. Structures of fatty acids used in this study. Ara, arachidonic acid; Lin, linoleic acid; a-Lnn, a-linolenic acid; Ole, oleic acid.
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Table 1
Genotype and source of yeast strains.

Strain Genotype Source

W303-1B MAT o ade2-1 his3-1, 15 leu2-3, 112 trp1-1 [42]
ura3-1

W303cor1A MAT « ade2-1 his3-11, 15 leu2-3, 112 ura3-1 [42]
trp-1 can1-110 corl1: HIS3

W303coq9A MAT « ade2-1 his3-1, 15 leu2-3, 112 trp1-1 [43]

ura3-1 coq9: URA3

30 °C). Yeast cultures were diluted to 0.2 ODggg in fresh YPD medium
and were grown to midlog phase (<10 ODggp). Yeast cells were
collected by centrifugation (5 min at 1000 g) followed by two washes
with sterile water. Yeast cells were diluted to 0.2 ODggo in 0.10 M
phosphate buffer (0.2% dextrose, pH 6.2). Aliquots (5 ml) were placed
in overnight tubes and treated with the designated fatty acids and
incubated at 30 °C with aeration (250 rpm). Aliquots were removed at
the designated times and viability was assessed by spotting 2 pl of 1:5
serial dilutions (starting at 0.20 ODggo) onto the YPD plate medium.
Pictures were taken after 2 days of growth at 30 °C.

Measurement of F>-isoprostanes (F>-IsoP's)

To each yeast cell pellet, 5ml of chloroform:methanol (2:1, v/v)
containing butylated hydroxytoluene (BHT; 50 mg/ml) was added and
the samples were mixed with a vortex. Ice-cold 0.9% aqueous NaCl was
added (2 ml) and samples were vortexed 1 min. The organic layer was
transferred to a clean tube and dried under a stream of nitrogen. Samples
were reconstituted in 0.5 ml of methanol containing BHT (50 pg/ml)
followed by the addition of 0.5 ml of 15% aqueous KOH and vortexed
again. The samples were incubated at 37 °C 30 min and then diluted to a
volume of 10 ml with deionized water and acidified to pH 3 with 1N
HCl, and 1.0 ng of [D4]-15-F>-IsoP ([D4]-8-iso-PGF,,; Cayman Chemical,
Ann Arbor, MI, USA) was added as an internal standard. The sample was
then applied to a C-18 Sep-Pak cartridge that had been prewashed with
5 ml of methanol and 5 ml of 0.01 N HCI. The cartridge was then washed
with 10 ml of 0.01 N HCl, followed by 10 ml of heptane, and compounds
were eluted with 10 ml of ethyl acetate:heptane (50:50, v/v). The eluate
was applied to a silica Sep-Pak cartridge prewashed with ethyl acetate
(5 ml). It was rinsed with 5ml of ethyl acetate and compounds were
eluted with 5 ml of ethyl acetate:methanol (50:50, v/v), and the eluate
was dried under nitrogen. Compounds were converted to the penta-
fluorobenzyl (PFB) esters by the addition of 40 pl of a 10% solution of
pentafluorobenzyl bromide in acetonitrile and 20 pl of a solution of 10%
di-isopropylethanolamine in acetonitrile and allowed to incubate for
30 min at 37 °C. Reagents were dried under nitrogen and the residue
was reconstituted in 30 pl of chloroform and 20 pl of methanol and
chromatographed on a silica TLC plate to 13 cm in a solvent system
of chloroform:methanol (93:7, v/v). The methyl ester of PGF,, was
chromatographed on a separate lane and visualized with 10%
phosphomolybdenic acid in ethanol by heating. The R of PGFy,
methyl ester in this solvent system was 0.15. Compounds migrating
in the region 1 cm below the PGF,, standard to 1.0 cm above the
standard were scraped from the TLC plate, extracted with 1 ml of
ethyl acetate, and dried under nitrogen. After TLC purification,
compounds were converted to trimethylsilyl (TMS) ether derivatives
by addition of 20 pl of N,0-bis(trimethylsilyl)trifluoroacetamide and
10 pl of dimethylformamide. The sample was incubated at 37 °C for
10 min and then dried under nitrogen. The residue was redissolved
for GC/MS analysis in 20 pl of undecane that had been stored over a
bed of calcium hydride.

Mass spectrometric methods for F»-IsoP analysis

GC/NICI-MS was carried out on an Agilent 5973 inert mass selective
detector, coupled with an Agilent 6890n Network GC system (Agilent
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Laboratories, Torrance, CA, USA) and interfaced with an Agilent
computer. GC was performed with a 15-m, 0.25-um film thickness,
DB-1701 fused silica capillary column (J&W Scientific, Folsom, CA, USA).
The column temperature was programmed from 190 to 300 °C at 20 °C
per minute. The major ion generated in the NICI mass spectrum of the
PFB ester, TMS ether derivative of F»-IsoP's is the m/z 569 carboxylate
anion (M-181 (M-CH,CgFs)). The corresponding ion generated by the
[D4]-15-F-IsoP internal standard is my/z 573. Levels of endogenous
F>-IsoP's in a biological sample are calculated from the ratio of
intensities of the ions m/z 569 to m/z 573. Employing this assay, the
lower limit of detection of F,-IsoP's is in the range of 4 pg using an
internal standard with a blank of 3 parts per thousand. The precision
of this assay in biological fluids is + 6% and the accuracy 94%.

Cell preparation for respiration measurements

H9C2 myoblasts [31] were maintained in growth medium contain-
ing Dulbecco's modified Eagle's medium (DMEM; with glucose and
glutamine) supplemented with 10% fetal bovine serum, 1 x GlutaMax
(Life Technologies), and 100 units/ml penicillin and 100 pg/ml strepto-
mycin at 37 °C in an incubator with an atmosphere containing 5% CO,.

Assays of respiration of H9C2 myoblasts

Respiration of H9C2 cells was measured with Seahorse Bio-
science XF24, XF96, or XF°96 flux analyzers. Cells were plated on
the Seahorse cell culture plates in their growth medium 48 h before
the experiment at a density of 2 x 10% or 10* cells per well for
24- and 96-well plates, respectively. At 24 h before the experiment
the medium was supplemented with an equal volume of the same
medium containing 2 x concentrations of various PUFAs. At the start
of the experiment cells were treated with various pro-oxidants from
100 x stock solutions and incubated for an additional 1-3 h in a CO,
incubator. The pro-oxidant iron(Il) stock solution was prepared with
water that was deoxygenated by streaming argon over it for 30 min
to slow the rapid oxidation of iron(II). Inmediately before measure-
ment the medium was removed, and the cells were gently washed
with assay buffer (unbuffered DMEM prepared according to Sea-
horse protocols supplemented with 10 mM glucose, 10 mM sodium
pyruvate, and 1 x GlutaMax, pH 7.4). Wells were filled with 450 or
100 pl/well assay buffer for 24- and 96-well plates, respectively,
and the measurements were performed in the Seahorse apparatus
according to the manufacturer's recommendations.

Data and statistical analysis

Statistical analysis of oxygen consumption data from individual
plates is presented; these results are typical for cells harvested at, at
least, three different passages (3 to 10 plates total for each figure).
Two-way ANOVA (analysis of variance) followed by Bonferroni's post
hoc test was performed using GraphPad Prism. Where differences are
noted, analysis of variance detected significant variance at p < 0.001,
p<0.01, or p<0.05 for pairwise comparisons shown on Figs. 4-7.
See the figure legend for special labels used in Fig. 7.

Results

Partial isotope reinforcement of D-PUFAs protects Q-less yeast from
cell death compared to treatment with natural @-Lnn

Yeast cog9A mutants lack Q and are hypersensitive to treatment
with PUFAs, compared to either wild-type yeast or respiratory-
deficient mutants that retain Q (corlA) [18,19]. Treatment of the
coq9A mutant with 200 uM o-Lnn for 4 h results in a significant loss
of viability, as determined either by plate dilution assay (Fig. 1A) or by
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Fig. 1. Differently deuterated o-Lnn renders variable degrees of protection for Q-deficient cog9A mutant yeast. Fatty acid sensitivity assays were performed as described
under Experimental methods. (A) Yeast strains (W303-1B wild type (WT), W303cor1A, and W303coq9A) were treated with 200 pM designated PUFA at 0.2 ODgg for 4 h at
30 °C, 250 rpm, before an aliquot was removed for plate dilution assay. Serial dilutions (1:5) starting at 0.2 ODggo were spotted on YPD plates, and pictures were taken after
2 days growth at 30 °C. (B) After 4 h incubation with 200 uM designated PUFA, a small aliquot of yeast culture was removed and diluted 1000-fold before 100 pl was plated in
triplicate on YPD. For yeast cog9A treated with a-Lnn, aliquots of 100 pl were plated directly without any dilution, and yeast cog9A mutants treated with 11-D-a-Lnn, 14-D-a-
Lnn, 11,14-D,-a-Lnn, or 14,14-D,-o-Lnn were diluted 10-fold before 100 pl was plated. Yeast colonies were counted after 2 days of growth at 30 °C. The graph plots the average
number ( + SD) of colonies counted on the YPD plates per 100 pl of cell culture plated. The average numbers of cfu were significantly less (*p < 0.0001) with yeast cog9a
mutants treated with a-Lnn, 11-D-a-Lnn, 14-D-a-Lnn, 11,14-D,-a-Lnn, or 14,14-D,-a-Lnn compared with either wild-type yeast or corlA mutants or compared with cog9A
mutants without fatty acids or with Ole or 11,11,14,14-D4-a-Lnn. The cfu counts shown are representative of two independent experiments. Statistical analyses were
performed with two-way ANOVA multiple comparison test by GraphPad Prism version 6.

determination of colony-forming units (cfu) (Fig. 1B). To further
examine the effects of site-specific D-PUFAs, we treated yeast with
the D-PUFAs shown in Scheme 1. The protective effect of deuteration
roughly corresponds to the number of deuterated bis-allylic C-D
bonds. The effect does not seem to depend on the exact position of
D at the bis-allylic sites. Indeed, monodeuterated 11-D and 14-D
derivatives seem to exert similar toxicity. Likewise, the toxicity of
14,14-D,-o-Lnn is very close to that of 11,14-D,-a-Lnn. This correlates
with our earlier finding that 11,11-D,-a-Lnn and 14,14-D,--Lnn
render similar degrees of protection to cog mutant yeast [18].

Q-less yeast are protected by Lin deuterated at double bonds only

We have previously established the importance of deuteration at
the bis-allylic positions. Surprisingly, deuteration at the double bonds
but retaining H atoms at the bis-allylic site also made Lin less toxic to
Q-less yeast, as shown by the viability of the cog9A Q-less yeast after
serial dilution and plating onto rich growth medium (Fig. 2). This
provides another indication that steps other than abstraction of a bis-
allylic site may be affected by the presence of deuterium, playing an
important role in PUFA catabolism.

Inclusion of small amounts of D-PUFAs inhibits isoprostane formation
from arachidonic acid

Nonenzymatic oxidation of Ara gives rise to a large class of bioactive
prostaglandin-like compounds called isoprostanes [32,33]. F>-IsoP's are
a validated biomarker of oxidative stress generated from the free
radical-catalyzed peroxidation of Ara. We wished to investigate the
ability of 11,11-D,-Lin and 11,11,14,14-D4-o-Lnn to inhibit this process
within cells. Yeast cog9A mutant cells were treated with Ara (100 pM),
in the absence or presence of either 11,11-D,-Lin (25 pM) or 11,11,14,
14-D4-o-Lnn (25 pM). As shown in Fig. 3, levels of IsoP's were highest
in the cog9A yeast mutant treated with 100 uM Ara. Levels of IsoP's
decreased dramatically by including small amounts (25 pM) of either
11,11-D5-Lin or 11,11,14,14-D4-a-Lnn in combination with 100 pM Ara.
These findings demonstrate that inclusion of small amounts (20 mol%)
of isotope-reinforced D-PUFAs slows down the free radical lipid
peroxidation processes that occur within whole cells.

Treatment with D-PUFA (11,11-D,-Lin) protects mitochondria from
oxidative stress

PUFAs are essential nutrients and when provided to yeast or
mammalian cells they are rapidly assimilated into phospholipids,
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Fig. 3. Small amounts of deuterated Lin or a-Lnn suppress isoprostane formation
from Ara. Yeast PUFA treatment was similar to the fatty acid sensitivity assays as
described under Experimental methods with the following modifications. Aliquots
of 100 ml of mid-log-phase yeast cells were placed in sterile flasks and PUFAs were
added to a final concentration of 100 uM Ara in the absence or presence of 25 pM
11,11-Do-Lin or 11,11,14,14-Ds-a-Lnn (from stocks prepared in ethanol). After
incubation at 30 °C, 250 rpm, for 4 h, aliquots were removed to collect pellets
and yeast cell viability was assessed by plate dilution assay. Cell pellets were
collected by centrifugation for 5 min at 1000g, followed by two washes with sterile
water. A total of 10 ODgg( cell pellet was prepared in duplicates for each yeast strain
for each PUFA treatment condition. Measurements of F,-IsoP's by mass spectro-
metry were as described under Experimental methods. The amount of F,-IsoP's
was significantly (*p < 0.05) higher in Ara-treated yeast cog9A mutants compared
to cog9A mutants with no added fatty acids or with additional 11,11-D,-Lin or
11,11,14,14-D4-o-Lnn. The statistical analyses were performed with two-way ANOVA
multiple comparison test by GraphPad Prism version 6.

including mitochondrial phosphatidylethanolamine and cardiolipin
[34,35]. Mitochondria are enriched in PUFAs [36,37,44], rendering
them a particularly vulnerable target of oxidative stress. Further-
more, mitochondria harbor a plethora of redox carriers (such as
quinones and iron-sulfur centers) that are prone to single-electron
oxidation that is accompanied by single-electron reduction of oxy-
gen, i.e,, generation of ROS. A positive feedback loop from mitochon-
drial oxidative damage to mitochondrial ROS production may lead
to amplification of injury. Consequently, treatments that preserve
mitochondrial function would be expected to protect viability and
normal functioning of cells under the stress.

Thus, we investigated whether incorporation of D-PUFA would
preserve mitochondrial function. The most quantitative and noninva-
sive assay of mitochondrial function/dysfunction is the measurement
of mitochondrial oxygen consumption (respiration) rate (OCR). Oxygen
is irreversibly consumed in the terminal reaction of catabolic pathways
and therefore the rate of its disappearance is a direct measure of
total metabolic flux through the system. This is an advantage over
other commonly used measures of bioenergetic function of the cell
(ATP levels, membrane potential, pyridine nucleotide redox status,
metabolite levels, etc.), which are all intermediates that depend on a
balance of two metabolic branches, i.e., production and utilization
pathways. Therefore these parameters may change in either direction
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or remain unchanged, depending on to what extent, if any, these two
branches suffer an injury. To assess respiration in a physiologically
relevant adherent state we performed mitochondrial OCR measure-
ments in intact H9C2 myoblast cells and used a plate-based technol-
ogy (Seahorse Biosciences) [38].

A typical Seahorse respiration experiment is shown in Fig. 4A.
After the basal respiration rate was determined, respiratory State
4 was induced by the addition of 1 pg/ml oligomycin, followed by
sequential additions of the protonophoric uncoupler FCCP to induce
maximal uncoupled (or State 3 u) respiration. This titration of FCCP
was essential because, depending on the degree of mitochondrial
injury, cells may attain maximal rates at different concentrations of
FCCP. For example, cells supplemented with natural Lin approached
maximal respiration (State 3 u) at 900 nM FCCP, whereas cells treated
with tert-butylhydroperoxide (t-ButOOH) reached a maximal rate at
only 300 nM FCCP, and the rate started to decline at higher doses.
The necessity for three-point FCCP titration precluded Seahorse-
recommended systematic assessment of the background OCR insen-
sitive to respiratory inhibitors. We performed this test in separate
experiments using 2 pM myxothiazol and found that the background
OCR was low and did not exceed 5% of maximal respiration (data not
shown). This background rate did not interfere with the comparative
assessment of protective effects of deuterated versus natural PUFAs.

State 3u and State 4 respiration rates are direct indicators of
mitochondrial function and can be used to monitor mitochondrial
injury. The State 3u rate is a measure of maximal respiratory capacity
of mitochondria, whereas the State 4 rate is a reciprocal measure of
intactness of the mitochondrial membrane. Healthy mitochondria
possess high respiratory capacity and intact membranes, necessary
for robust energy conversion with minimal losses, i.e., high State 3u
and low State 4 rates. Mitochondrial injury may cause a drop in State
3u (respiratory inhibition due to damage to respiratory chain com-
plexes, matrix dehydrogenases, and/or substrate transporters) and/or
an increase in State 4 (increased membrane leak due to perturbation
of the lipid bilayer, activation of specific transporters, or mitochondrial
permeability transition). Treatment with t-ButOOH causes both
increased membrane leak (increased State 4) and respiratory inhibi-
tion (decreased State 3u). For clarity, the two relevant rates, State 4 and
State 3u, are derived from the entire array of data (as shown in Fig. 4A)
and depicted as separate bar graphs (Fig. 4B and C, respectively).

The basal respiration rate of healthy cells is a measure of cellular
ATP turnover reflective of cellular energy demand rather than
the capacity of mitochondria to produce ATP. Cells possess spare
respiratory capacity necessary to meet increased energy demand
under stress conditions; this is manifested in Fig. 4A as the excess of
maximal respiration rate (State 3u) over the basal respiration rate.
Oxidative stress induced by t-ButOOH decreased the spare capacity,
but the mitochondria still were able to maintain their basal rate
unchanged, indicating their ability to meet the basal demand for
ATP. This is a common scenario for other oxidative stress paradigms
explored in this study, and for purposes of assessing mitochondrial
dysfunction the unchanged basal rate is not informative.
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Fig. 4. D-PUFAs protect against oxidative stress induced by organic hydroperoxide. (A) Principle of the assessment of mitochondrial function (output panel of the Seahorse
XF24 analyzer is shown). HOC2 myoblasts were allowed 24 h before the experiment to incorporate a bolus of 25 uM (5 nmol) 11,11-D-Lin (D2-Lin) or nondeuterated Lin.
Oxidative stress was induced by the addition of 200 pM tert-butylhydroperoxide (t-ButOOH) 1 h before assay. After measurement of the basal respiration rate (OCR), the
intactness of the mitochondrial membrane was assessed after addition of 1 pg/ml oligomycin (Oligo). Maximal respiratory capacity of the mitochondria was assessed using
sequential additions of the uncoupler FCCP at 300 nM; the resulting total dose of 3 x 300=900 nM allowed the approach to saturation. The vertical lines indicate the time of
addition. All readings were obtained twice. Data are the mean + SEM of three or four wells per group. (B) State 4 respiratory rate (the reciprocal measure of intactness of the
membrane) was derived from the data in (A). For each experimental group the minimal value from the two readings in the presence of Oligo was taken as the State 4 rate.
Data are the mean + SEM, n=3 or 4. 11,11-D»-Lin but not nondeuterated Lin largely prevented t-ButOOH-induced injury (increased membrane leak). (C) Maximal respiratory
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the presence of FCCP was taken as the State 3 u rate. Note that these rates were attained at different doses of FCCP. Data are the mean + SEM, n=3 or 4. 11,11-D,-Lin but not
nondeuterated Lin nearly completely prevented t-ButOOH-induced injury (decreased respiratory capacity). **p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 4 also demonstrates that cellular incorporation of exogen-
ously added PUFAs (either Lin or 11,11-D,-Lin) does not significantly
affect mitochondrial bioenergetics. However, in stark contrast to
natural Lin, 11,11-D,-Lin almost completely protects mitochondrial
function from oxidative stress caused by t-ButOOH: maximal respira-
tion (Fig. 4C) is nearly completely preserved, whereas the increase in
membrane leak (Fig. 4B) is substantially diminished (from 250-300%
stimulation of State 4 respiration in control or Lin-supplemented
cells to a 25% stimulation in 11,11-D,-Lin-supplemented cells).

To demonstrate whether the protective effects are generalized in
nature, we tested several other oxidative stress paradigms in addition to
t-ButOOH, which oxidizes and depletes the pool of reduced glutathione
in a reversible manner. Similarly, ethacrynic acid, which depletes the
glutathione pool via irreversible chemical derivatization, and severely
inhibits respiration, was partially protected by 11,11-D,-Lin but not by
Lin (Fig. 5A). The redox cycling catalyst iron(Il) caused inhibition of
maximal respiration (State 3u) that was completely prevented by 11,11-
D,-Lin but not Lin (Fig. 5B). We found iron(ll) to be a much more
reproducible inducer of oxidative stress than t-ButOOH or ethacrynic
acid. These two agents both work through a glutathione-depletion
mechanism and suffer from a threshold (all-or-none) manner of action,
which manifests in variability of both dose and time dependence of cell
responses (data not shown). Therefore we chose iron(ll) treatment as
the model of oxidative stress for testing effects of other D-PUFAs.

Treatments with small amounts of 11,11,14,14-D4-a-Lnn
or other D-PUFAs protect mitochondria from oxidative stress

Addition of 11,11,14,14-Ds-a-Lnn  (D4-a-Lnn) was protective
against oxidative stress induced by Fe(ll). H9C2 myoblasts were
treated, and data were derived as described for Fig. 4. Either Ds-0t-
Lnn or natural a-Lnn was added as indicated, and State 4 (Fig. 6A)
and State 3u (maximal respiration, Fig. 6B) were determined. Natural
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a-Lnn acted as a pro-oxidant, exacerbating injury caused by iron(Il)-
induced oxidative stress (Fig. 6B), whereas the same amount of
D4-a-Lnn afforded significant protection. In contrast to the yeast
plate dilution assay survival data (Fig. 2), the effects of 9,10,12,13-D4-
Lin on the bioenergetics were not different from the pro-oxidant
action of nondeuterated Lin (Fig. 7A). However, monodeuterated 11-
D;-Lin appeared to be protective (Fig. 7A and B).

We further tested whether substitution of only a fraction of the
total pool of PUFAs can provide mitochondrial protection against
oxidative stress [19]. Incorporation into the cells of just 5 pM D4-0t-
Lnn, added to 20 pM nondeuterated «-Lnn (20% of total PUFA pool),
provided significant protection against a very severe oxidative stress
induced by 1.2 mM iron(Il) (Fig. 7C). Similarly, substitution of 50%
Lin pool even with monodeuterated D;-Lin also protected against
oxidative stress (Fig. 7B).

Discussion

Oxidative stress is considered a critical contributor to the etiology
of diverse grave diseases and pathologic conditions, such as neuro-
degeneration (Alzheimer disease, Parkinson disease, Friedrich ataxia,
stroke, etc.), metabolic syndrome (cardiovascular disease, diabetes,
and obesity), inflammatory, and autoimmune diseases [9]. Lipid
peroxidation, as a key propagation step in the cascade of oxidative
stress processes, presents an attractive target for potential therapeu-
tic interventions to combat these disorders. In this study we assessed
the potential of isotope-reinforced D-PUFAs to counteract oxidative
stress-inflicted damage to cell function and viability in both yeast and
mammalian cells. We found similar structure-activity relationships
that indicate a common mechanism across the taxonomic kingdoms.

Because mitochondria are considered both a major source and a
critical target of oxidative stress, we specifically tested PUFAs with
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Fig. 5. 11,11-D,-Lin partially protects against oxidative stress induced by ethacrynic acid or Fe(II). (A) Oxidative stress was induced by the glutathione-depleting agent
ethacrynic acid (EtaA); 320 pM EtaA was added 4 h before the assay. HOC2 myoblasts were treated, and data were derived as described for Fig. 4. 50 uM (10 nmol) 11,11-D,-
Lin (D2-Lin) or Lin was added as indicated. Data are the mean + SEM, n=5 or 6. (B) Oxidative stress was induced by Fe(II), through addition of 1 mM FeSO4 made 90 min
before assay. HOC2 myoblasts were treated, and data were derived as described for Fig. 4. 25 uM (5 nmol) D2-Lin or Lin was added as indicated. Data are the mean + SEM,

n=5. **p < 0.001, *p < 0.05.
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Fig. 6. 11,11,14,14-D4-a-Lnn protects against oxidative stress induced by Fe(Il). Either (A) 0.8 or (B) 1.2 mM FeSO4 was added 3 h before the assay. HIC2 myoblasts were
treated, and data were derived as described for Fig. 4. 25 uM (5 nmol) 11,11,14,14-D4-a-Lnn (D4-a-Lnn) or a-Lnn (a-Lnn) was added as indicated. Data are the mean + SEM,

n=5.*p <0.001.

deuterated bis-allylic positions. Here we provide the first evidence
that D-PUFAs protect mammalian cell mitochondrial function from
pro-oxidant and iron-induced injury. Indicators of membrane integ-
rity (respiratory State 4) and enzyme activity (respiratory State 3u)
were protected; protection of membrane integrity is consistent with
prevention of lipoperoxidation.

It should be noted that, although the ultimate measure of mito-
chondrial function is respiratory State 3 (phosphorylating respiration),
its measurement in intact cells cannot be achieved at the current state
of the art. We used State 3u as the next best parameter that could
report damage to the immense complexity of metabolic pathways
necessary for maintaining maximal respiration: from cellular uptake of
nutrients through their cytoplasmic conversions to mitochondrial
substrate transport, Krebs cycle activity, and respiratory chain function.
By taking this approach, we might have missed potential damage to a
limited number of components constituting the phosphorylation
machinery (ATP synthase and transporters of phosphate and adenine
nucleotides).

Protection was observed under diverse oxidative stress paradigms
(organic peroxide, GSH-derivatizing agent and redox cycling pro-
oxidant treatments in H9C2 cells or, in yeast, deficiency in coenzyme
Q, an endogenous antioxidant). The extent of this protection varied,
most likely owing to different severities of the various pro-oxidant
insults, but was qualitatively consistent, indicative of a specific effect
at a common step in the process. This step can be directly localized to
an initial phase of lipid peroxidation cascade given suppression of its
early products, isoprostanes (Fig. 3). Isoprostanes are proinflamma-
tory and serve as sensitive markers of oxidative stress [32,33]. It is
tempting to speculate that mitochondrial oxidative injury may be
the underlying cause of loss of cell survival (as seen in our yeast
experiments) and that D-PUFAs protect cells via mitochondria-
centered mechanisms.

A standing paradox in our studies of D-PUFAs is that PUFAs
harboring D atoms at just one (11-D-Lin) or two sites (e.g., 11,11-D,-

Lnn) remain protective [18,19]. It is also intriguing that inclusion of
small amounts of D-PUFAs, for example 20 mol%, along with natural
PUFAs affords significant protection to both yeast and rat myoblast cells
(Figs. 3 and 7C). Here we tested a series of a-Lnn derivatives containing
variable numbers of the bis-allylic C-D bonds (Scheme 1), from one
(11-D-o-Lnn; 14-o-D-Lnn), to two (11,14-Do-a-Lnn; 11,11-Dy-o-Linn;
14,14-0-D,-Lnn), to four (11,11,14,14-a-D4-Lnn). The partially reinforced
D-PUFAs proved to be protective although with quantitatively different
potencies. We observed the increase in the total number of bis-allylic
C-D groups to increase protection, which roughly correlates with the
number of bis-allylic hydrogens available for abstraction. Indeed, a
similar correlation exists between the free radical peroxidation propa-
gation rate constants for Lin (one bis-allylic site; k)=62 M~ 's~ 1), Ara
(three bis-allylic sites; kp=201 + 12), Eicosapentaenoic acid (EPA) (four
bis-allylic sites, kp=249 + 14), and Docosahexaenoic acid (DHA) (five
bis-allylic sites, kp=321 + 32) [2], from which it follows that each bis-
allylic site makes a similar, approximately linear contribution to the
overall propagation rate.

In general, however, protective effects associated with partial
replacement of bis-allylic hydrogens in the system are not due to
simple mass-action law (i.e., decreased concentration of the reactive
sites). As is evident from Fig. 7B and C a mere decrease in concentra-
tion of natural PUFAs (from 50 to 25 pM Lin or from 25 to 20 uM Lnn,
see Fig. 7B and C, respectively) does not show significant protection,
whereas replacement of the balance with D-PUFA (25 uM 11,11-D,-Lin
or 5uM 11,11,14,14-0-D4-Lnn, respectively) is highly protective. Simi-
larly, an addition of D-PUFAs to Ara suppresses isoprostane production
(Fig. 3) although the level of reactive (bis-allylic) sites does not change
as the concentration of Ara is preserved. Similarly, simple 11,11-D,-Lin:
Lin (1:1) and Ole:Lin (1:1) mixtures did not result in equal resistance
to oxidation even though the same number of available bis-allylic C-H
groups were present [19]. Instead, the Ole:Lin pair is highly oxidizable,
whereas the 11,11-D,-Lin:Lin mixture is resistant, suggesting an active
role for the D-containing moieties in the process.
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Most intriguingly, 11,11-Do-o-Lnn and  14,14-D,-o-Lnn, with
one bis-allylic position completely blocked by deuteration, may be
expected to behave very similar to nondeuterated Lin and to be
toxic. However, they are actually almost as protective as 11,11,14,
14-D4-a-Lnn (Fig. 1 and [18]). Another indication that the bis-allylic
C-H abstraction may not be the only factor comes from protection
rendered by 9,10,12,13-D4-Lin, which is deuterated at the double
bonds but not at the bis-allylic site (Fig. 2), although we note that
9,10,12,13-D4-Lin was not protective in HC92 cells. We speculate
that the protective effects of partial isotope reinforcement might be
due to the presence of D's in the conjugated radical system [39,40],
playing a role important for either the progress of the chain reaction
or, as might be the case for 9,10,12,13-D,4-Lin, for the formation of
the toxic end-products [41] downstream of the chain process.
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PUFAs harboring bis-allylic D's inhibit the chain process irrespective
of their exact position [19]. The fact that partially deuterated PUFAs
(11-Dy-a-Lnn versus 14-D;-a-Lnn; 14,14-D,-o-Lnn versus 11,11-D,-
a-Lnn versus 11,14-Do-a-Lnn) are similarly protective argues
against specific reactive carbonyls being responsible for cytotoxicity.
However, lipid peroxidation results in the production of a complex
array of electrophilic reactive lipid species; thus there are multiple
vectors of toxicity potentially affected by the presence of D-PUFAs.

It is also possible that the observed protective effects may be due
to D-PUFA-mediated inhibition of enzymes or cytochromes capable
of initiating the chain process. Although lipoxygenase genes are not
evident in the Saccharomyces cerevisiae genome, it does contain
P450s, P-oxidation enzymes, copper oxidases, and iron-containing
enzymes, and these enzymes have been implicated in the produc-
tion of arachidonic acid-derived eicosanoids in a variety of patho-
genic yeasts [45]. In this scenario, inclusion of small amounts
of D-PUFAs may act to inhibit the action of a lipid oxidase from
metabolizing normal H-PUFAs. This may explain, at least in part, the
nature of protection by partially deuterated PUFAs and/or the
protection afforded by including just 20% D-PUFAs. Both observa-
tions suggest an active role for the D atoms in protection that would
in this event be due to inhibition of lipid peroxidation initiation.

Potential therapeutic applications of D-PUFA require better under-
standing of their influence on mitochondrial function in mam-
malian systems. Our findings suggest that D-PUFA-rendered protection,
at least in part, proceeds through stabilization of mitochondrial per-
formance at elevated levels of oxidative stress.
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Fig. 7. Addition of small amounts of D-PUFAs or partial deuteration of PUFAs at
some but not all bis-allylic positions is protective. (A) Comparison of effects of
various PUFAs (50 pM) on oxidative stress induced over 3 h by addition of 0.8 mM
Fe(Il). Note protective effect of monodeuterated linoleic acid, 11-D;-Lin (D1-Lin),
compared to nondeuterated Lin and lack of protection by complete deuteration at
the double bonds (9,10,12,13-D,4-Lin). 11,11,14,14-a-D4-Lnn (D4-o-Lnn) and non-
deuterated linolenic (a-Lnn) acid served as internal negative and positive controls
for the experiment. H9C2 myoblasts were treated and data were derived as
described for Fig. 4. Data are the mean + SE, n=5. (B) Partial replacement of Lin
with 11-D;-Lin (50% D1-Lin) is protective. Cells were supplemented as indicated
with 25 or 50 pM Lin or 11-D;-Lin or with both at 25 pM simultaneously, for the
total of 50 pM (50% D1-Lin). The data were derived as described for Fig. 4. Note that
the effect of 11-D;-Lin is much more than just dilution of the PUFA pool; in fact,
25pM 11-D;-Lin counteracts the pro-oxidant effect of 25 pM nondeuterated Lin
present in the 50% mixture (compare to the effect of 25 pM Lin alone [19]). Data are
the mean + SE, n=5. (C) Partial replacement of o-Lnn with 11,11,14,14-a-D4-Lnn
(20% D4-a-Lnn) is protective. Cells were supplemented as indicated with 20 or
25pM o-Lnn or a mixture of 20 pM «-Lnn and 5 pM 11,11,14,14-a-D4-Lnn for the
total of 25 uM (20% D4-a-Lnn). Oxidative stress was induced by addition of 1.2 mM
FeSO,4 3 h before assay. The data were derived as described for Fig. 4. Note that the
effect of 11,11,14,14-a-D4-Lnn is much more than just a dilution of the PUFA pool; in
fact, 5 pM 11,11,14,14--D4-Lnn counteracts the pro-oxidant effect of 20 uM non-
deuterated o-Lnn present in the 20% mixture (compare to the effect of 20 pM «-Lnn
alone). Data are the mean + SE, n=4. ##4#, $$$, &&&, significantly different from all
other +Fe(ll) groups, from the +Fe(ll) control group, or from the «-Lnn alone
group, respectively (***p < 0.001).
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Disturbed cardiolipin metabolism impairs coenzyme Q biosynthesis
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ABSTRACT

Cardiolipin (CL) is a structurally unique phospholipid that optimizes mitochondrial
function in part by stabilizing proteins and protein complexes. Nascent CL is remodeled to
incorporate unsaturated fatty acyl chains. Although unmodified CL functions almost identically to
remodeled CL, remodeling of CL has been shown to mitigate oxidative damage caused by lipid
peroxidation. Recent evidence suggests a functional relationship between CL and coenzyme Q
(CoQ). CoQ is an essential lipid quinone necessary for respiratory electron transport and also
functions as a lipid soluble antioxidant. An inner mitochondrial membrane protein complex
termed the CoQ synthome is required for CoQ biosynthesis. Here we show that the assembly
and/or stability of the CoQ synthome is impaired in Saccharomyces cerevisiae mutants with
defects in CL biosynthesis or remodeling. Interestingly, the CoQ synthome, but not its
component Coq polypeptide subunits, was less abundant in the absence of CL or when CL
remodeling is prevented. Destabilization of the CoQ synthome resulted in elevated levels of
early CoQ-intermediates, a hallmark of inefficient de novo biosynthesis of CoQg. Inefficient CoQ
biosynthesis was observed in yeast CL mutants cultured under either fermentation or respiration
growth conditions. Similar changes in steady state CoQ content were observed in a loss-of-
function human HEK 293 cell line with genetically perturbed CL remodeling. Collectively, our
results establish a novel link between the metabolism of two important mitochondrial lipids and
provide novel mechanistic insight into Barth syndrome, an inherited childhood cardiomyopathy

caused by defective CL remodeling.
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INTRODUCTION

Cellular membranes are physical barriers that have unique chemical compositions and
enable specific chemical reactions to occur within subcellular organelle compartments. They
store energy in the form of transmembrane ion gradients and allow the anchoring of protein
receptors, transporters, and multi-subunit complexes that perform various functions.
Phospholipids serve as the fundamental structural elements of biological membranes.
Cardiolipin (CL) is a minor phospholipid species, constituting approximately 10-15% of the total
phospholipid content in mitochondria (1). CL has a unique molecular structure and is specifically
enriched within the mitochondrial inner membrane. Therein, CL serves a multitude of functions

that are collectively indispensable for optimal mitochondrial bioenergetics (2-4).

CL is composed of a glycerol head that provides a bridge for two phosphatidyl groups
with four total fatty acyl chains. The biosynthesis of CL occurs in the mitochondrion. In
Saccharomyces cerevisiae, CL arises from phosphatidyl transfer from cytidine diphosphate
diacylglycerol (CDP-DAG) to phosphatidylglycerol (PG), catalyzed by CL synthase Crd1 (5-7).
Acyl chain remodeling enzymes process the nascent CL post de novo synthesis, whereby the
saturated acyl chains on immature CL are replaced with unsaturated fatty acyl chains (8, 9).
During this process, nascent CL is de-acylated to form monolyso-CL (MLCL) by the CL-specific
deacylase Cld1, followed by re-acylation via transacylation of MLCL by tafazzin, Taz1, which
uses phosphatidylcholine (PC) or phosphatidylethanolamine (PE) as acyl chain donor (7, 8, 10).
While the four stereochemically distinct acyl positions on CL may give rise to very diverse CL
species, the remodeling process generates only a few species of CL with predominantly one or
two unsaturated acyl chains (11). In S. cerevisiae, the end product of CL remodeling contains

CL with predominantly mono-unsaturated fatty acyl chains of 16 and 18 carbons in length (12).
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Although the fatty acyl composition of mature CL and the degree of unsaturation in these
fatty acyl chains vary considerably in different organisms, the biosynthetic pathway for CL is
largely conserved among eukaryotes (11, 12). One distinctive difference is that the CL
remodeling in higher eukaryotes can be accomplished by alternative mechanisms. More
specifically, de-acylation of nascent CL to MLCL is executed by phospholipases other than Cld1
(metazoans lack a Cld1 ortholog) and subsequent re-acylation of MLCL can be achieved by
CoA-dependent re-acylation catalyzed by MLCL acyltransferase 1 (MLCLAT1) or acyl-

CoA:lysocardiolipin acyltransferase 1 (ALCAT1) in addition to tafazzin-dependent transacylation

(9).

It is still under debate whether the acyl specificity of the Taz1 reaction is accountable for
maintaining the unique molecular species of CL present in different tissues and organisms (7,
9). In vitro experiments have shown that Taz1 catalyzes promiscuous acyl chain transfer from
various phospholipids (13, 14), and the substrate specificity of Taz1 observed in vivo may
depend on the lipid packing arrangement of the substrate (15), or assembly of protein
complexes and supercomplexes (e.g. mitochondrial contact site and cristae organizing system,
respiratory electron transport complexes, and prohibitin complexes) surrounding the Taz1
enzyme (7). Patients with mutations in TAZ exhibit clinical phenotype of Barth syndrome
(BTHS), a disease associated with low CL content of altered acyl chain composition and
elevated MLCL, and the increased MLCL/CL ratio results in cardiomyopathy, skeletal myopathy,
neutropenia, 3-methylglutaconic aciduria, growth retardation, and respiratory chain defects (10,

16-18).

The functional implications of CL remodeling are not completely understood. The
incorporation of unsaturated fatty acyl chains into CL is postulated to mitigate lipid curvature

stress that arises from the protein-rich, highly folded cristae of the inner membrane (1, 16). The
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structural integrity of mitochondrial cristae is key to the organization of respiratory complexes,
establishment of the proton gradient that drives oxidative phosphorylation, mitochondrial
fusion/fission, as well as apoptosis (19). Additionally, the expression of Cld1 to initiate the CL
remodeling pathway is found to be important to mitigate oxidative damage originated from CL
peroxidation (20). Deletion of CLD1 in genetically engineered polyunsaturated fatty acid
(PUFA)-producing yeast results in dramatic reductions of mitochondrial membrane potential,

respiratory capacity, and overall chronological lifespan (20).

As a non-bilayer-forming phospholipid, CL is almost exclusively found in energy-
transducing membranes, such as the cytoplasmic membrane in prokaryotes and the
mitochondrial inner membrane in eukaryotes (4, 11). Due to its unique molecular geometry and
the presence of two unshielded negative charges, CL interacts with many mitochondrial proteins
and protein complexes to provide architectural support important for optimal mitochondrial
energy metabolism (7, 21). CL is found to associate with complexes lll, IV, and V, with its acyl
chains interacting with surfaces of respiratory protein complexes at multiple sites (22-25). CL is
necessary for respiratory supercomplex assembly and stability, which is crucial for efficient
substrate channeling between respiratory complexes (26, 27). CL also regulates the proton
gradient across the mitochondrial inner membrane maintaining the mitochondrial membrane
potential (22). Disrupted CL synthesis results in dissipated membrane potential, decreased ATP

production, and inefficient mitochondrial bioenergetics (17, 28).

Conversely, the protein complexes of the mitochondrial inner membrane may stabilize
CL (7, 29). Studies have shown that almost all of the CL is bound to proteins in isolated
mitochondria, and the sequestration of CL in protein complexes contributes to a much longer
half-life of CL relative to other phospholipids (7, 29). Thus, CL promotes assembly of protein

complexes, which in turn protect CL from degradation (7, 29).
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Several lines of evidence suggest a functional relationship between CL and coenzyme Q
biosynthesis. Coenzyme Q (ubiquinone or CoQ) is an essential lipid quinone in the respiratory
electron transport chain. Complexes | and Il donate electrons and protons to CoQ, forming the
CoQ hydroquinone (CoQH.) which is then oxidized by complex Ill. Biosynthesis of CoQ
depends on the Coq polypeptides in yeast and analogous COQ polypeptides in human cells
(30, 31). Recent genetic evidence suggests that Cld1, a phospholipase A2 family protein that
deacylates CL, may modulate CoQ biosynthesis at the penultimate step mediated by Coq7 (32).
Over-expression of CLD1 rescues the CoQ deficiency of coq7 mutants with mutations in its
predicted membrane-binding domain and increases the abundance of MLCL species with longer
unsaturated acyl chains (32). This latter affect is postulated to facilitate the interaction of the
membrane-anchor mutant Coq7 with the inner membrane (32). CoQ synthesis also depends on
the activity of Coqg8, a putative ancient kinase (33, 34). Lipid membranes containing CL regulate
the ATPase activity of human COQS8A via its KxGQ domain in combination with phenolic
compounds that are structurally analogous to CoQ-intermediates (35). Human COQ@9 is also
shown to associate with CL via electrostatic interaction mediated by two lysine residues in the
0a9-a10 loop at its C-terminus (36). Membrane interaction of COQ9 is necessary for its access to
the membrane-embedded isoprene groups on polyprenylated CoQ-intermediates, which are

subsequently handed over to COQ7 for enzymatic modification (36).

Because of its ability to survive via fermentation and ease of genetic manipulation of
nuclear and mitochondrial DNA, yeast is a powerful model system for studying CoQ biology, CL
biosynthesis, and mitochondria-related diseases. In this work, we investigate the effects of yeast
mutations known to disrupt CL biosynthesis (crd7A) or CL remodeling (taz1A) on the
biosynthesis of CoQ under both respiration and fermentation growth conditions. We

demonstrate that the yeast crd1A and faz1A mutants each disrupt de novo CoQ biosynthesis,
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primarily by impairing the assembly of the CoQ synthome, a multi-subunit complex necessary
for CoQ biosynthesis. We further extend our study to show that the disruption of CoQ

metabolism in yeast taz1A mutant recapitulates what occurs in a human BTHS cell model.
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MATERIALS AND METHODS
Yeast strains and growth media

S. cerevisiae strains used in this study are listed in Table 1. Growth media were
prepared as described (37) and included YPD (1% Bacto yeast extract, 2% Bacto peptone, 2%
dextrose), YPG (1% Bacto yeast extract, 2% Bacto peptone, 3% glycerol), and YPGal (1%
Bacto yeast extract, 2% Bacto peptone, 2% galactose, 0.1% dextrose). Synthetic Dextrose-
Complete (0.18% Difco yeast nitrogen base without amino acids and ammonium sulfate, 0.5%
ammonium sulfate, 0.14% NaH,PO4, 2% dextrose, 0.008% adenine hemisulfate, 0.004%
arginine hydrochloride, 0.01% aspartic acid, 0.008% cysteine hydrochloride, 0.01% glutamic
acid, 0.008% histidine hydrochloride, 0.006% isoleucine, 0.012% leucine, 0.006% lysine
hydrochloride, 0.008% methionine, 0.006% phenylalanine, 0.04% serine, 0.02% threonine,
0.008% tryptophan, 0.004% tyrosine, 0.008% uracil, and 0.015% valine, final pH ~6.0 adjusted
by NaOH pellets) was prepared as described (38). Drop out Dextrose-Complete (0.68% yeast
nitrogen base with ammonium sulfate without folic acid without pABA (MP Biomedicals), 2%
dextrose, 0.14% NaH,PO,, and complete amino acid mix as described above, final pH ~6.0
adjusted by NaOH pellets) was prepared as described (39). Plate medium contained additional

2% Bacto agar.

Cell culture

Wild-type human embryonic kidney (HEK) 293 Flp-In (Invitrogen) cells and taz™-E"
clones (taz™N.2 and taz™".19) (40) were grown and maintained in DMEM with 4.5 g/L
glucose (Cellgro), supplemented with 10% fetal bovine serum (FBS, Hyclone), 2 mM L-
glutamine (Gibco), and 100 ug/mL zeocin (Invitrogen) in six-well plates at 37°C, 5% CO,. Once

expanded to confluency, cells were washed with 1x phosphate buffered saline (PBS) and

subjected to trypsinization. Cells were collected by centrifugation at 600 g for 2 min followed by
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removal of the supernatant. Cell pellets were stored at —80°C until further analysis. Four

biological replicates were prepared for each cell line.

Yeast mitochondrial isolation

Mitochondria were isolated from yeast cells grown under fermentation and respiration
condition, respectively. To culture yeast cells in fermentation supportive medium, the designated
yeast strains were grown in YPD for 10 h and sub-inoculated into YPGal in large volumes for
overnight growth in a shaking incubator at 30°C, 250 rpm. To culture yeast cells in respiration
supportive medium, the starter cultures of designated yeast strains were prepared in YPG for 10
h and back diluted with fresh YPG in large volumes for overnight growth in a shaking incubator
at 30°C, 250 rpm. Cells grown under both conditions were harvested at ODgo < 4.0 per mL, and
mitochondria were purified as described (41). Briefly, yeast spheroplasts were obtained after
incubating cells with 2.5 mg Zymolyase-20T (MP Biomedicals) per gram cell pellet at 30°C for
60 min in buffer A (20 mM potassium phosphate, pH 7.4, 1.2 M sorbitol). Crude mitochondria
were isolated from manual douncing of spheroplasts suspension in buffer B (20 mM MES, pH
6.0, 0.6 M sorbitol) with addition of complete EDTA-free protease inhibitor mixture (Roche),
phosphatase inhibitor cocktail set Il (EMD Millipore) and phosphatase inhibitor cocktail set 3
(Sigma-Aldrich), followed by fractionation. Crude mitochondria were resuspended in buffer B
and further purified over Nycodenz (Sigma-Aldrich) density gradient, and were collected at the
interface between 14.5% and 20% (wt/vol) Nycodenz layers after ultracentrifugation at 25,000 g
at 4°C for 90 min. Gradient purified mitochondria were washed and resuspended in buffer C (20
mM HEPES, pH 7.4, 0.6 M sorbitol) with protease inhibitor mixture and phosphatase inhibitor
cocktails described above. Purified mitochondria were flash frozen in liquid nitrogen and stored
at —80°C until further analysis. Total mitochondrial protein concentration was measured with the
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) using bovine serum albumin (BSA) as

the standard.
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SDS-PAGE and immunoblot analyses

Purified mitochondria samples were resuspended in SDS sample buffer (50 mM Tris, pH
6.8, 10% glycerol, 2% SDS, 0.1% bromophenol blue, and 1.33% B-mercaptoethanol), and same
amount total mitochondrial protein from each sample was loaded and separated by SDS-PAGE
on 12% Tris-glycine polyacrylamide gels. Proteins were subsequently transferred to 0.45 ym
nitrocellulose membrane (Bio-Rad), and membranes were blocked in blocking buffer (0.5%
BSA, 0.1% Tween 20, 0.02% SDS in 1x PBS). Proteins of interest were probed with primary
rabbit polyclonal antibodies in blocking buffer at dilutions listed in Table 2, followed by IRDye
680LT goat anti-rabbit IgG secondary antibody (LiCOR) at 1:10,000 dilutions. Blot images were

obtained using LICOR Odyssey Infrared Scanner (LICOR).

Two-dimensional Blue Native/SDS-PAGE

Two-dimensional Blue Native/SDS-PAGE was performed as described (42, 43). Aliquots
of 200 pg of purified mitochondria were solubilized at 4 mg/mL in solubilization buffer (11 mM
HEPES, pH 7.4, 0.33 M sorbitol, 1x NativePAGE sample buffer (Thermo Fisher Scientific)) with
16 mg/mL digitonin (Biosynth) and protease inhibitor mixture, phosphatase inhibitor cocktails
described above on ice for one hour. The soluble fraction was separated from the insoluble
pellets by ultracentrifugation at 100,000 g for 10 min, and the protein concentration in the
soluble fraction was determined by BCA assay. NativePAGE 5% G-250 sample additive
(Thermo Fisher Scientific) was added to the soluble fraction to a final concentration of 0.25%. A
total of 80 pg protein in the soluble fraction were loaded and separated on the first dimension
NativePAGE 4-16% Bis-Tris gel (Thermo Fisher Scientific). First-dimension gel slices were
soaked in hot SDS sample buffer for 15 min before loading onto the second dimension 12%
Tris-glycine polyacrylamide gels. The high molecular weight standards for first dimension Blue

Native electrophoresis were obtained from GE Healthcare (Sigma-Aldrich), and the molecular
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weight standards for second dimension SDS-PAGE were obtained from Bio-Rad. Subsequent

immunoblot analyses were performed as described above.

Metabolic labeling of CoQs and CoQg-intermediates with 13Ce-labeled ring precursors
Labeling of CoQg and CoQg-intermediates was carried out in yeast cells grown under
both fermentation and respiration conditions. Overnight yeast cultures grown in SD-Complete or
YPG medium were back diluted to 0.1 ODggo/mL with fresh DoD-Complete medium or YPG
medium respectively, and growth continued in a shaking incubator at 30°C, 250 rpm to 0.5
ODgoo/mL. To early-log phase cell cultures, *Ce-pABA, *Cg-4HB, or ethanol as vehicle control,
were added to a final concentration of 5 ug/mL, and the cultures were allowed to grow for up to
5 h. At each 1-, 3-, and 5-hour time point, triplicates of 5 mL culture were collected by
centrifugation at 3,000 g for 5 min, and the cell density measured at ODggo at each harvesting

time point was recorded. Cell pellets were stored at —20 °C until further analysis.

Yeast CoQg and CoQg-intermediates analysis by RP-HPLC tandem mass spectrometry
Yeast whole cell lipid extraction and LC-MS/MS analyses with CoQ4 as internal standard
were performed as described (44). Yeast cell pellets were disrupted with 2 mL methanol in the
presence of CoQ4. Lipids were extracted with 2 mL petroleum ether followed by vigorous
vortexing. The top organic layer was removed and lipids were extracted again from the bottom
aqueous layer one more time with addition of 2 mL petroleum ether. The top layer from two
extractions were combined and dried under a stream N, gas. The dried lipids were reconstituted
in 200 yL of 0.5 mg/mL benzoquinone prepared in ethanol to oxidize all lipid species for mass

spectrometry analysis.

A 4000 QTRAP linear MS/MS spectrometer (Applied Biosystems) was used for sample

analysis, and Analyst version 1.4.2 software (Applied Biosystems) was used for data acquisition
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and processing. Reconstituted lipid extract was separated on a Luna 5 ym phenyl-hexyl column
(100 x 4.6 mm, 5 ym; Phenomenex) with a mobile phase consisting of solvent A (95:5
methanol/isopropanol, 2.5 mM ammonium formate) and solvent B (isopropanol, 2.5 mM
ammonium formate). The representative CoQs and CoQg-intermediates were eluted at distinct
retention times as the percentage of solution B was increased linearly from 0 to 10% over 7 min
as the flow rate was increased from 650 to 800 ul/min. Analytes eluting from the column were
monitored with multiple reaction monitoring mode (MRM) scanning the precursor to product ion
transitions of each analyte and their respective ammonium adducts listed in Table 3. The
amounts of CoQg and CoQg-intermediates were calculated from the sum of peak areas of each
analyte and its corresponding ammonium adduct at a specific retention time, normalized against
the internal standard CoQ,, and quantified using a standard curve constructed with varying
amounts of CoQe. Statistical analysis made use of GraphPad Prism with two-way ANOVA

Dunnett’'s multiple comparison test.

Human cell CoQy and CoQ, analysis by RP-HPLC tandem mass spectrometry

Lipid extract from HEK cells was prepared as described previously (45) by first
resuspending the frozen cell pellets from each sample in 100 uL of 1x PBS, pH 7.3, from which
10 uL of the cell suspension was used to measure protein concentration by Bradford assay
(Invitrogen), and the remaining 90 pL of the cell suspension was subjected to lipid extraction
using methanol and petroleum ether in the presence of internal standard dipropoxy-CoQ1o as
described above. A series of CoQg and CoQ;, standards containing dipropoxy-CoQq were
prepared and lipid extracted concurrently with HEK cell samples to construct CoQgand CoQyq
standard curves. Measurements of CoQg and CoQo contents by RP-HPLC MS/MS were
performed in the same manner as described above, except that the reconstituted lipid extract
was separated on a Luna 5 ym PFP(2) 100A column (100 x 4.6 mm, 5 um; Phenomenex) in

10% solvent B at a constant flow rate of 1 mL/min. The precursor to product ion transitions of
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CoQg, CoQ19, and their ammonium adducts are listed in Table 3. Similarly, the amounts of CoQgq
and CoQq were quantified based on the total peak areas corresponding to each analyte and
their respective ammonium adduct, normalized against the internal standard dipropoxy-CoQo,
and calculated using the CoQg and CoQ1o standard curves. Statistical analysis was performed

using GraphPad Prism with two-tailed nonparametric t-test.

119



RESULTS
Steady-state levels of Coq polypeptides are altered in crd1A or taz1A mutants under
growth conditions requiring respiration

CL biosynthesis and remodeling modulate the enzymatic activities of at least three Coq
polypeptides (Coq7, Coq8, and Coq9) (32, 35, 36). To examine whether steady state levels of
other Coq polypeptides might be affected in crd14 and taz1A mutants, we performed
immunoblot analyses against known members of the CoQ synthome, Coq3-Coq9, as well as
Coqg1 and Coq10 polypeptides that are independent of the CoQ synthome. When cultured in
fermentation-supportive medium (YPGal), the steady state levels of most of the Coq
polypeptides examined remain unchanged in both crd1A and taz1A mutants compared to the
wild-type cells (Fig. 1A, supplemental Fig. S1A). While the steady state level of Coq6 appeared
to be marginally reduced in the crd14 mutant, the abundance of Coq8 dropped to nearly 50% of
the wild-type level in the crd1A mutant (Fig. 1A, supplemental Fig. S1A). When cultured in
respiration-requiring medium (YPG), we noticed that the absence of CL in the crd1A mutant and
defects in CL remodeling in the taz1A mutant have opposite effects on many Coq polypeptides.
When cultured under conditions requiring respiration, the steady state levels of Coqg5, Coq®6,
and Coq7 were slightly decreased in the crd1A mutant, and approximately 50% reductions of
Coq1, Cog8, and Coq10 were observed in the crd1A mutant when compared to the wild-type
cells (Fig. 1B, supplemental Fig. S1B). Under the same respiration-requiring conditions, evident
up-regulated expressions of Coq3 and Coq9 were detected in the crd7A mutant cells, and up-
regulation of Coq3, Coqg4, Coq6, Coq7, Coq9 and Coq10 were detected in the taz1A mutant
cells (Fig. 1B, supplemental Fig. S1B). Elevated level of Coq6 was also observed in the taz1A
mutant cells grown under fermentation conditions (Fig. 1A, supplemental Fig. S1A). These
results are consistent with previous findings that Coq8 was more susceptible to changes in cells

lacking CL (crd14) (35). Cog6 may represent another candidate protein whose level is
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dependent on the changes of CL abundance regardless of the fermentative or respiratory

growth conditions.

Absence of CL or disturbance of CL maturation affects the stability of the CoQ synthome
So far, at least 14 nuclear encoded genes (COQ17-COQ11, YAH1, ARH1 and HFD1) are
recognized to be important for CoQ biosynthesis and its fundamental role in the electron
transport chain (30, 31). Many of the encoded gene products serve as enzymes involved in the
CoQ biosynthetic pathway and assemble into a high molecular weight complex known as the
CoQ synthome (also known as complex Q) (30, 31, 46). In addition to catalyzing reactions in
CoQ biosynthesis, many of the Coq proteins have structural functions stabilizing other members
of the CoQ synthome. Previous work has shown that the absence of certain Coq polypeptides
disrupts the CoQ synthome, and decreases steady state levels of certain Coq subunits of the
CoQ synthome (46, 47). The downstream effect of such coq mutations is the abolishment of
CoQ production and lack of growth on non-fermentable carbon sources. Based on the known
capacity of CL to stabilize respiratory complexes and other proteins within the mitochondrial
inner membrane (16), we hypothesized that CL may play a similar role in the assembly or
stability of the CoQ synthome. Thus, the stability of CoQ synthome under fermentation-
supportive or respiration-requiring growth conditions was examined in wild-type yeast, and in
crd14, and taz1A mutants, by two-dimensional Blue Native (BN)/SDS-PAGE. Detection of Coq4

and Coq9 served as indicator polypeptides of the CoQ synthome (46).

Under fermentation growth conditions (YPGal), the CoQ synthome represented by Coqg4
and Coq9 signals manifested as a heterogeneous mixture of complexes distributed from ~66
kDa to >669 kDa (Fig. 2A). Under these same YPGal growth conditions, a similar distribution
pattern of Cog4 and Coq9 was also apparent in crd1A and faz1A mutants (Fig. 2A). The signals

of Cog4 and Coq9 partially overlap, and the different appearance of the CoQ synthome on 2D
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BN/SDS-PAGE as detected by Cog4 and Coq9 may be contributed by presence of sub-
complexes of CoQ synthome, and/or the affinity of Cog4 and Coq9 to the CoQ synthome. Under
the respiration growth conditions (YPG), the CoQ synthome in the wild-type yeast appeared to
be similar to the wild-type yeast cultured under the fermentation condition (Fig. 2B). Although
direct quantitative comparisons between different blots shown in Figure 2 are not possible,
within each blot the dispersed Cog4 and Coq9 signals of the CoQ synthome can be related to
the respective Cog4 and Coq9 signals present in the lanes containing the sample of intact
mitochondria (labeled as M). Hence, the overall abundance of the CoQ synthome seemed to be
less in the wild-type cells grown in glycerol-containing YPG medium (Fig. 2B) than if they were
grown in galactose-containing YPGal medium (Fig. 2A). Under the respiration-requiring growth
conditions, the CoQ synthome becomes further destabilized in both crd1A and faz71A mutants.
The CoQ synthome at molecular weight >669 kDa of the wild type cells was replaced by sub-
complexes predominantly at 440 kDa represented by the Cog4 signal, or by sub-complexes
migrating between 140 kDa to 440 kDa represented by the Coq9 signal in the crd1A and taz1A
mutants (Fig. 2B). The increased signal of the lower mass complexes may account for the
observation that the steady-state levels of most of the Coq polypeptides taz1A mutants were

unaltered or even slightly increased (Fig. 1B, supplemental Fig. S1B).

CoQ biosynthesis and turnover is less efficient in the crd7A and taz1A mutants

In yeast, CoQ biosynthesis derives from 4-hydroxybenzoic acid (4HB) or para-
aminobenzoic acid (pABA) (Fig. 3) (30). Polyisoprenylation of the ring precursors 4HB and
pABA gives rise to early-stage intermediates 3-hexaprenyl-4-hydroxybenzoic acid (HHB) and 3-
hexaprenyl-4-aminobenzoic acid (HAB), each of which is subsequently converted to late-stage
intermediates demethoxy-QsH, (DMQgH2) and CoQgH: (Fig. 3) (30). The 4-imino-demethoxy-
QsH2 (IDMQgH>) likely represents a pABA-specific dead-end product (Fig. 3) (30). To gauge the

efficiency of CoQg production, de novo CoQg biosynthesis was tracked in wild type, crd14, and
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taz1A yeast with either *Cg-4HB or "*C¢-pABA over the course of 5 h under both fermentation-

supportive and respiration-requiring conditions.

Under fermentation growth conditions, the crd7A mutant cells produced significantly
decreased amounts of *Cs-CoQg emanating from "*Cg¢-pABA, but not from *Cg-4HB (Fig. 4A).
The crd1A mutant cells also generated lower amounts of the penultimate intermediate "*Ce-
DMQg as compared to wild-type control (Fig. 4D). The crd1A mutant cells accumulated
significantly higher amounts of *Cg-labeled early intermediates '*Ce-HHB and "*Cs-HAB (Fig.
4B, and C). The accumulation of HHB and HAB is indicative of inefficient biosynthesis, as HHB
and HAB accumulate in the coq null mutants (cog34 — coq114) (30). In contrast, the taz1A
mutant behaved more like wild-type in terms of the levels of 3Ce-labeled HHB, HAB, and DMQg
(Fig. 4B, C, and D), but it made less "*C¢-IDMQg (Fig. 4E), as well as less "*C¢-CoQg from pABA

at the 3- and 5-h time points (Fig. 4A).

In the same experiment performed with "*Cg-labeled ring precursors, we also measured
the content of unlabeled CoQg and CoQg-intermediates. For the samples treated with a 13Ce-ring
labeled precursor, this gives a rough approximation of the turnover of CoQs. Most noticeably,
the steady state levels of unlabeled CoQg were significantly higher in crd1A at every time point
regardless of whether a "*C¢-ring labeled precursor was added or not (Fig. 5A). Although the
steady state levels of CoQg in taz7A mutant was only sporadically higher (Fig. 5A), the levels of
the unlabeled penultimate intermediate DMQg was consistently elevated at every time point with
or without "*Ce-labeled precursors (Fig. 5C). While unlabeled HAB was not detected (data not
shown), the steady state levels of unlabeled HHB were significantly higher in crd1A at 3- and 5-
h time point in the ethanol control treatment (Fig. 5B). The steady state levels of IDMQ¢ were
higher in crd1A and taz1A mutants in the first hour, but these differences were lost over time

(Fig. 5D). We also plotted the levels of total CoQs as the sum of de novo "*Cs-CoQg and steady
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state unlabeled CoQs (Fig. 6). Even though the steady state CoQg levels were consistently
higher in crd1A (Fig. 5A), the total CoQg content in crd1A mutant was only higher in a few
samples (Fig. 6), while the amount of total CoQg in the remaining samples was offset by
inefficient de novo CoQg synthesis (Fig. 6A). In taz1A mutant, the higher steady state levels of
CoQg in "*C¢-4HB treated sample at 3 h led to a higher total CoQg content (Fig. 6), since the de
novo CoQg synthesis in taz1A mutant is not too different from the corresponding wild-type

controls (Fig. 4A).

Under the respiration-requiring growth conditions, the CoQ synthome was further
destabilized in both crd1A and taz1A mutants, yet the efficiency of de novo CoQg biosynthesis
appeared to be more disturbed in the taz1A mutant. The levels of *C¢-CoQg in both crd14 and
taz1A mutants were not statistically different from the wild-type cells at almost all time points,
except that the taz1A mutant unexpectedly produced more "*Cg-CoQg from both *Cs-pABA and
3Ce-4HB at the 5-h time point (Fig. 7A). Accumulations of *Ce-HHB, *Cs-HAB, *Cs-DMQg from
3Ce-pABA, and "*C¢-IDMQs in the taz1A mutant at 5-h time point (Fig. 7B, C, D, and E)
suggested inefficient de novo CoQ biosynthesis. On the contrary, although the crd14 mutant
had a buildup of "*Cs-HAB and "*C¢-IDMQg at 5-h time point (Fig. 7C, and E), its "*C¢-CoQg
content originating from '*Cg-labeled pABA was indistinguishable from the wild-type cells (Fig.
7A). The crd1A mutant experienced a setback on 3C¢-DMQg production at the 3-h time point
(Fig. 7D), which explained a drop in the amount *Cs-CoQg observed at the same time point
(Fig. 7A). However, the mutant cells were able to catch up on de novo CoQs synthesis at a later

time point.

Consistent with our observation of high levels of de novo *Cg-CoQg and *Cg-CoQs-
intermediates at the 5-h time point, the faz1A mutant also contained elevated steady state levels

of unlabeled CoQg, HAB, HHB, DMQg and IDMQg at the 5-h time point (Fig. 8A-E). The steady
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state levels of IDMQg were considerably higher in the crd1A mutant at all times compared to the
wild-type control (Fig. 8E), whereas levels of CoQg and other CoQg-intermediates were only
sporadically high in the crd1A mutant at 5-h time point (Fig. 8A, B, and D). A combination of
increased levels of de novo *C¢-CoQg and steady state CoQ;g resulted in an overall higher total
CoQg in the taz1A mutant at the 5-h time point (Fig. 9), and the higher levels of total CoQg in the
crd1A mutant at 5-h time point was mainly contributed by the steady state accumulation of

unlabeled CoQs (Fig. 9).

Collectively, under fermentation-supportive conditions, absence of CL or defects in CL
remodeling has a mild effect on de novo CoQ biosynthesis, consistent with the fact that both
mutants had negligible changes on the assembly of the CoQ synthome. However, both the de
novo biosynthesis and turnover of CoQ appeared to be less efficient in the crd1A mutant,
presumably due to the decreased Coq6 and Coq8 levels rather than destabilized CoQ
synthome. Under respiration-requiring conditions, destabilized CoQ synthome impacted the
taz1A mutant to a greater extent regardless of the elevated levels of individual Coq polypeptide,
which was reflected by impeded de novo CoQ synthesis and CoQ turnover. In summary, the
elevated levels of early CoQ-intermediates and the dead-end IDMQ intermediate are hallmarks

of inefficient CoQ biosynthesis in the crd1A and taz1A mutants.

Mammalian BTHS cell model shows elevated steady state level of CoQ

Yeast has been the go-to organism to model the disease pathogenicity caused by BTHS
patient-associated missense alleles. Recently, a mammalian BTHS cell model was established
and characterized biochemically to mimic a loss of function BTHS allele (40). The taz"*"*N.2 and
taz™"EN 19 HEK 293 cell lines contain genetic lesions within TAZ exon 1, and produce no
detectable levels of TAZ protein (40). Thus, to extend our study of CoQ metabolism to include a

human BTHS disease model, we examined the CoQ content in the taz™-tN.2 and taz™N.19
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HEK 293 cell lines. Human cells contain two different isoforms of CoQ. CoQ4o, which contains
ten isoprene units in the tail, is the predominant form of CoQ in humans, and CoQg constitutes
only a small portion of the total CoQ in humans. While the taz™¥N.2 HEK 293 cells contained
less CoQy, since it is the minor CoQ species, its decrease did not impact the total amount of
CoQ (Fig. 10A-C). The taz"™"®N.19 HEK 293 cells had significantly higher amounts of CoQy,
CoQ19, and total CoQ (Fig. 10A-C), and this result was similar to the observation of increased
amounts of steady state CoQg (Fig. 8A), and total CoQs (Fig. 9) in yeast faz1A mutant at 5-h
time point under the respiration condition. While the basis for the differences observed between
taz" N 2 and taz""FN.19 293 cells is presently unclear, our results suggest that alterations in

CoQ levels may also occur in human cells with impaired CL remodeling.
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DISCUSSION

The importance of CL is highlighted by its ability to structurally stabilize proteins and
protein complexes in the mitochondrial inner membrane thereby optimizing their function. This
work supports a new role for CL in optimizing the function of the CoQ synthome, a multi-subunit
protein complex that is required for efficient CoQ biosynthesis (Fig. 11). Our results show that
both yeast crd1A and taz1A mutant cells exhibit inefficient CoQg biosynthesis as a result of the
destabilized CoQ synthome (Fig. 11). The crd1A and faz1A mutations affect the corresponding
yeast mutant cells differently depending on the growth conditions. Growth under fermentation-
permissive conditions affects the de novo CoQg biosynthesis in the crd1A mutant to a greater
extent (Fig. 4), whereas growth in respiration-requiring conditions results in higher de novo
CoQg biosynthesis and also higher accumulation of early CoQ-intermediates in the taz1A
mutant (Fig. 7). Detection of more CoQ in the HEK 293 taz™"N.19 cells mirrors our observation
in the taz1A mutant under respiratory condition, and implies that a disturbance of CoQ
synthome assembly and CoQ homeostasis may be a previously unidentified clinical phenotype
in human BTHS patients. We think several considerations may explain the observed inefficient
CoQ biosynthesis that results from a lack of CL in the crd1A mutant, or disruption of CL acyl

chain composition in the taz1A mutant.

First, most of the Coq polypeptides are peripheral membrane proteins organized along
the mitochondrial inner membrane facing the matrix side (30, 48), and absence of CL or
disturbance of CL homeostasis may have a direct impact on the stability and/or enzymatic
activity of individual Coq polypeptides involved in CoQ biosynthesis. Indeed, diminished steady
state levels of Cog8 were found in the crd1A mutant under both fermentation and respiration
conditions (Fig. 1), in support of a functional connection between CL and Coq8 activity (35).
Although the steady state levels of some Coq polypeptides were not prominently influenced by

the absence of CL or alteration of its acyl chain composition (Fig. 1, supplemental Fig. S1), it is
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tempting to speculate that the enzymatic activity of individual Coq proteins may benefit from the
presence of CL, given that in vitro assays often indicate that CL enhances protein function. For
example, the mitochondrial matrix protein rhodanese folds into a more native conformation with
greatly enhanced in vitro activity when it is bound to CL-containing liposomes (49).
Reconstitution of in vitro activities of complex IV and the ADP/ATP carrier both require the
presence of CL (50, 51). The ATPase activity of human COQ8A also requires its membrane
association with CL-containing liposomes, mediated by the positively charged surface residues
of COQ8A at the KxGQ domain and conserved Gly-zipper motif at the transmembrane domain
(35, 52). Overexpression of yeast Coq8 restores CoQ synthome in yeast coqgA mutants (46),
and the Coq8 ATPase activity depends on the presence of CL (35). Thus, it is possible that the
destabilized CoQ synthome in crd1A mutant is a result of a combination of both decreased

abundance of Cog8 and impaired Cog8 function in the absence of CL.

Recently, membrane interaction of human COQ9, mediated by its amphipathic C-
terminal helix 10 was shown to be involved in accessing the membrane embedded CoQ-
intermediates and presenting them to human COQ?7 for the penultimate step in CoQ
biosynthesis (36). Molecular dynamics simulations and liposome floatation assays revealed that
CL aids stable COQ9 membrane association, and a CL-enriched sub-domain within the
mitochondrial inner membrane is necessary for establishing COQ7-COQ?9 interaction during
CoQ biosynthesis (36). Coincidently, we observed an up-regulation of both Coq7 and Coq9 in
yeast taz1A mutant (Fig. 1B, supplemental Fig. S1B), that had an increased MLCL to CL ratio
(53), and a more disrupted CoQ synthome assembly represented by Coq9 (Fig. 2) specifically
under the respiration growth conditions. A slight increase of steady-state levels of the Coq9
polypeptide was also observed in the crd1A mutant under the respiration condition (Fig. 1B,
supplemental Fig. S1B). Presumably, when respiration is necessary, an up-regulated

expression of Coq9 is required to neutralize the loss of interaction between Coq9 and the
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membrane in cells that are deficient or devoid of CL. Moreover, Coq9 is required for removal of
the amino group at the C4 position of CoQ-intermediates derived from pABA (54), and Coq9 is
likely to function together with Coq6 for coordinated deamination at C4 and hydroxylation at C5
of CoQ-intermediates (Fig. 3) (30). Indeed, elevated expressions of both Coq7 and Coq9 were
observed in the taz1A mutant under the respiration condition (Fig. 1B, supplemental Fig. S1B).
We also noticed that both crd1A and taz1A mutants made less "*C-CoQg from "*Ce-pABA than
from "®C¢-4HB (Fig. 4A) under the fermentation growth conditions; accumulations of "*C¢-HAB
(Fig. 7C), "*Cs-DMQs (Fig. 7D) and "*C¢-IDMQg (Fig. 7E) were also more evident in both crd1A
and taz1A mutants labeled with'*Cg-pABA. It seems highly likely that Coq9 membrane
interaction is also crucial for subsequent Cog6-Coq9 interaction, and compromised Coq6-Coq9

interaction impairs CoQg biosynthesis specifically from the pABA pathway.

Many of the Coq polypeptides organize into a high molecular weight complex, possibly
for efficient substrate channeling, catalytic enhancement, and sequestration of toxic reactive
intermediates generated during CoQ biosynthesis. Absence of CL and changes in its acyl chain
composition may have an impact on proper assembly of the multi-subunit CoQ synthome
essential for efficient CoQ biosynthesis. This may be more evident under the respiration-
requiring conditions when CoQ is playing an essential role of relaying protons and electrons
between respiratory complexes. Under the fermentation growth conditions, although the CoQ
synthome assembly was only mildly affected (Fig. 2), the accumulation of early-stage "*Ce-
CoQg-intermediates (Fig. 4B, C) and decreased late-stage "*C¢-CoQg-intermediates (Fig. 4D, E)
and ®Ce-CoQs (Fig. 4A) in the crd14 and taz1A mutants is indicative of a catalytically inefficient
CoQ synthome. However, the CoQ synthome assembly was visibly more disrupted in the crd1A
and faz1A mutants under respiration growth conditions (Fig. 2). Our BN/SDS-PAGE results
examining the CoQ synthome assembly suggest that both the presence of CL, as well as MLCL

to CL ratio were important for the overall stability of the CoQ synthome complex (Fig. 2) when
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active cellular respiration is needed. Particularly, preserving a proper ratio of MLCL to CL
appears to be more critical for maintaining the CoQ synthome, as the increased levels of
component Coq polypeptide (Fig. 1B, supplemental Fig. S1B) failed to restore the high
molecular weight complex of the CoQ synthome (Fig. 2) in the taz1A mutant under the
respiration conditions. Interestingly, while de novo CoQ biosynthesis from the pABA pathway
under the fermentation condition was similarly affected in both crd71A and taz1A mutants (Fig.
4A), the decreased efficiency of de novo CoQ production was more affected in the faz7A mutant

under respiration growth conditions (Fig. 7A).

In yeast, Cld1 and Taz1 together mediate CL remodeling (8). Unlike the crd1A mutant
that has completely abolished CL synthesis, yeast lacking Cld1 or Taz1 accumulate CL (in
cld1A mutant) (8), or MLCL (in ftaz1A mutant) (55) with saturated fatty acyl chains instead of
monounsaturated C18:1 and C16:1 acyl chain species that normally predominate (8, 55). In
particular, the taz1A mutant contains 10-25% or 30-60% less CL than wild-type cells under
fermentation or respiration condition, respectively, whereas the CL content in c/d1A mutant is
not significantly different from the wild-type control (55, 56). Unremodeled CL appears to
function the same as remodeled CL in supporting mitochondrial functions measured by oxygen
consumption rate and mitochondrial membrane potential (56). In addition to aberrant CL
composition, yeast taz1A mutant cells exhibit decreased mitochondrial membrane potential and
increased proton leak (57), which are mainly caused by increased MLCL to CL ratio rather than
the absence of remodeled CL (56, 58). It is tempting to speculate that the elevated CoQ in yeast
taz1A mutant and taz™*¥.19 HEK 293 cells may act to mitigate an increase in CL oxidation
when the CL remodeling-mediated CL repair pathway is defective. Indeed, previous studies
have shown pretreatment with CoQo substantially reduced rotenone-induced mitochondrial
depolarization and preserved mitochondrial membrane potential in primary neuronal cells (59-

61).
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In humans, CL is highly susceptible to oxidative damage due to its high content of
polyunsaturated fatty acyl chains and its exclusive location inside the mitochondria, which are
the primary source of ROS production. The CL acyl chain composition is readily modulated by
exogenous lipid species in mammalian cells (62). Yeast cells do not make polyunsaturated fatty
acids (PUFAs), but they readily take up exogenous PUFAs and incorporate them into CL (63).
Yeast CoQ-less cog mutants are hypersensitive to exogenously supplemented PUFAs,
including linoleic acid (C18:2), linolenic acid (C18:3), eicosapentaenoic acid (C22:5), and
arachidonic acid (C20:4) (64, 65). This is due to the loss of CoQ as a lipophilic chain-terminating
antioxidant (64, 65). Yeast coq9A supplemented with exogenous arachidonic acid resulted in
significantly elevated amounts of F2-isoprostanes, indicating non-enzymatic, free radical-
catalyzed lipid peroxidation/oxidation (65). Protein carbonylation as a result of ROS production
under respiration conditions is elevated in both crd1A and taz714 mutants and the increase of
oxidative stress is likely not due to a lack of antioxidant defense mechanisms as measured by
cellular and mitochondrial superoxide dismutase activities (66). In response to oxidative stress,
CLD1 expression is upregulated to possibly deacylate peroxidized CL (58). Thus, one
postulated functional outcome of CL remodeling is to remove and/or repair damaged CL (20,
58). It is tempting to speculate that CLD 7 upregulation may stabilize the CoQ synthome, thus
prompting more efficient CoQ biosynthesis in an effort to ameliorate damages caused by lipid

peroxidation.

Neurotoxicity induced by CL oxidation is implicated in the development of
neurodegenerative diseases (67-69). Mitochondrial targeted antioxidants, including a derivative
of CoQ have shown great efficacy protecting CL from oxidative damage and attenuating disease
pathogenesis (70-72). Supplementation of a CoQ derivative (MitoQ) increases CRD1 gene

expression and overall CL content in hepatic mitochondria in rat models (70). The studies
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reported here provide the framework to extend the functional link between CL homeostasis,
CoQ metabolism and its function as an antioxidant to BTHS as well as neurodegenerative
diseases. It will be particularly interesting to see if dietary supplementation of CoQ or other
strategies (i.e. deuterium reinforced-PUFA) that protect CL from autoxidation (64, 65) can

ameliorate or reverse the pathogenic phenotypes of these diseases in clinical studies,
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Table 1. Genotype and source of yeast strains

Strain Genotype Source
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 1B R. Rothstein®
ura3-1
W303 crd1A MAT a, his3-11,15, leu2, ura3, ade8, Acrd1::TRP (56)
W303 taz1A MAT a, leu2, ura3, trp1, ade8, Ataz1::HISMX6 (56)
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 coq1A (73)
ura3-1 coq1::LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
CC303 (74)
ura3-1 coq3::.LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 cog4A (75)
ura3-1 coq4::TRP1
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 cog5A (38)
ura3-1 coqb::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 coqbA (76)
ura3-1 coq6::.LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 coq7A (77)
ura3-1 coq7::LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 coq8A (75)
ura3-1 coq8::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 coq9A (78)
ura3-1 coq9::URAS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
W303 coq10A (79)

ura3-1 coq10::HIS3

°Dr. Rodney Rothstein. Department of Human Genetics, Columbia University, New York, NY.

Mating type a (MAT a) is in bold to distinguish it from mating type alpha (MAT a).
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Table 2. Description and source of antibodies

Antibody Working dilution Source
Coq1 1:10,000 (73)
Coq3 1:200 (80)
Coqg4 1:2,000 (81)
Coq5 1:5,000 (82)
Coq6 1:200 (76)
Coq7 1:1,000 (83)
Coq8 Affinity purified; 1:30 (47)
Coq9 1:1,000 (84)
Coq10 Affinity purified, 1:400 (85)
Mdh1 1:10,000 L. McAlister-Henn®

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

TX.
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Table 3. Precursor-to-product ion transitions

m/z [M+H]* m/z [M+NH,4]"

HAB 546.4/150.0 563.0/150.0
3Ce-HAB 552.4/156.0 569.0/156.0
HHB 547.4/151.0 564.4/151.0
3Ce-HHB 553.4/157.0 570.4/157.0
DMQs 561.4/167.0 578.0/167.0
3Cs-DMQg 567.6/173.0 584.0/173.0
IDMQs 560.6/166.0 577.0/166.0
3C6-IDMQg 566.6/172.0 583.0/172.0
CoQ 455.4/197.0 472.0/197.0
CoQs 591.4/197.0 608.0/197.0
3Ce-CoQs 597.4/203.0 614.0/203.0
Dipropoxy-CoQqq 919.7/253.1 936.7/253.1
CoQg 795.6/197.08 812.6/197.08
CoQqo 863.6/197.08 880.6/197.08
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Figure 1. Steady state levels of Coq polypeptides are altered in crd1A or taz1A mutants
under growth conditions requiring respiration. Aliquots (25 pg) of purified mitochondrial
protein from wild-type, crd14, or taz1A yeast cultured in A) galactose-containing medium, or B)
glycerol-containing medium were separated on 12% Tris-Glycine SDS-PAGE gels. Purified
mitochondria from the appropriate cogA mutant (coq14, coq34 - coq10A) were included as
negative controls for Western blotting with antisera to each of the Coq polypeptides.
Mitochondrial malate dehydrogenase (Mdh1) was included as loading control, and a
representative blot with mitochondria from wild-type, crd14, taz1A and coq1A4, blotted against

Mdh1 is shown.
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Figure 2. Absence of CL or disturbance of its acyl-chain composition affects the stability
of the CoQ synthome. Aliquots (80 ug) of purified mitochondrial protein from wild-type, crd14,
or taz1A mutant yeast cultured in A) galactose-containing medium, or B) glycerol-containing
medium were solubilized with digitonin and resolved on a two-dimensional BN/SDS-PAGE,
transferred to membranes, and visualized with antibodies to Coq4 or Coq9, respectively. As
represented by the Cog4 and Coq9 signals, the CoQ synthome appears as a heterogeneous
signal from ~66 kDa to >669 kDa in wild-type control (W303) under both growth conditions. “M”
denotes an aliquot of intact mitochondria from wild-type, crd14, or taz1A. Aliquots of coqg44 and
coq9A mitochondria were included as negative controls for the antisera to Cog4 and Coq9,

respectively.
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Figure 3. A schematic representation of CoQg biosynthetic pathway. The efficiency of de

novo CoQg biosynthesis was measured by the incorporation of '*C-labeled aromatic precursors,

3Ce-4HB (blue) and "*Cs-pABA (red) into CoQg-intermediates in the pathway.
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Figure 4. Absence of CL or disturbance of its acyl-chain composition results in inefficient
de novo CoQg¢ biosynthesis under fermentation condition. The de novo production of CoQs
and CoQg-intermediates were measured from yeast whole cell lipid extracts from wild-type,
crd14, or taz1A mutants labeled with 5 pg/mL *Ce-pABA (red) or "*Ce-4HB (blue), or 0.1%
ethanol in DoD-Complete for 1, 3, or 5 hours. Triplicates of 5 mL culture were collected as
pellets, lipid extracted, and analyzed by RP-HPLC-MS/MS. Multiple reaction monitoring (MRM)
detected the precursor-product transitions described in Table 3 and enabled the detection and
quantitation of A) *Ce-CoQg; B) "*Ce-HHB; C) "*Ce-HAB; D) *Cs-DMQg; and E) *C6-IDMQg. The
statistical analyses were performed using two-way ANOVA Dunnett’'s multiple comparison test
from three biological replicates, comparing crd1A or taz1A mutants to their corresponding 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. Label “n.d.” denotes not detected.
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Figure 5. Absence of CL or disturbance of its acyl-chain composition leads to changes in
steady state levels of CoQs and CoQg-intermediates under the fermentation condition.
Steady state levels of A) CoQg, B) HHB, C) DMQs, and D) IDMQg were measured in whole cell
lipid extracts from wild-type, crd14, or taz1A mutants upon addition of *Cg-4HB, "*Cs-pABA, or
ethanol as vehicle control. No HAB was detected (data not shown). The statistical analyses
were performed using two-way ANOVA Dunnett’'s multiple comparison test from three biological
replicates, comparing crd1A or taz1A mutants to their corresponding 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.
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Figure 6. Absence of CL or disturbance of its acyl-chain composition results in minor
changes in total CoQ¢ content under fermentation condition. Total amount of CoQg was
plotted as the sum of de novo 3Ce-CoQg and steady state CoQg levels measured in whole cell
lipid extracts from wild-type, crd14, or taz1A mutants supplemented with *Cg-4HB, *Cs-pABA,
or ethanol. The statistical analyses were performed using two-way ANOVA Dunnett’'s multiple
comparison test from three biological replicates, comparing crd1A or taz1A mutants to their
corresponding 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.
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Figure 7. The de novo CoQg biosynthesis is more disrupted in the taz1A mutant under
respiration condition. The de novo production of CoQg and CoQg-intermediates were
measured from yeast whole cell lipid extracts from wild-type, crd1A, or taz1A mutants labeled
with 5 pg/mL "*Ce-pABA (red) or "*C¢-4HB (blue), or 0.1% ethanol in YPG for 1, 3, or 5 hours.
Triplicates of 5 mL culture were collected as pellets, lipid extracted, and analyzed for the levels
of A) *Cs-CoQg; B) "*Ce-HHB; C) "*Ce-HAB; D) "*C¢-DMQg; and E) **Cs-IDMQg by RP-HPLC-
MS/MS. The statistical analyses were performed using two-way ANOVA Dunnett’s multiple
comparison test from three biological replicates, comparing crd1A or taz1A mutants to their
corresponding 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. Label “n.d.”

denotes not detected.
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Figure 8. Absence of CL or disturbance of its acyl-chain composition leads to impaired
turnover of CoQg and CoQg-intermediates under respiration condition. Steady state levels
of A) CoQg, B) HAB, C) HHB, D) DMQs, and E) IDMQg were measured in whole cell lipid
extracts from wild-type, crd1A, or taz1A mutants upon addition of *Ce-4HB, "*Cg-pABA, or
ethanol as vehicle control cultured in YPG medium. The statistical analyses were performed
using two-way ANOVA Dunnett’s multiple comparison test from three biological replicates,
comparing crd1A or taz1A mutants to their corresponding 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. Label “n.d.” denotes not detected.
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Figure 9. Great changes in the total CoQ¢ content are observed at late time point,
particularly in the taz1A mutant under respiration condition. Total amount of CoQs was
plotted as the sum of de novo 3Ce-CoQg and steady state CoQg levels measured in whole cell
lipid extracts from wild-type, crd14, or taz1A mutants supplemented with *Cg-4HB, *Cs-pABA,
or ethanol in YPG medium. The statistical analyses were performed using two-way ANOVA
Dunnett’'s multiple comparison test from three biological replicates, comparing crd1A or taz1A
mutants to their corresponding 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.
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Figure 10. The HEK 293 taz™"®™.19 cells contain increased amount of CoQ. Levels of A)
CoQg, B) CoQ1q, and C) total CoQ were measured in whole cell lipid extracts from the taz™-=".2
and taz™™".19 HEK 293 cell lines. The statistical analyses were performed using two-tailed
nonparametric t-test from four biological replicates, comparing each 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.
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Figure 11. The presence of CL and CL remodeling is necessary to maintain CoQ

ﬂ Phospholipids

synthome assembly and stability for efficient CoQ biosynthesis. Our results suggested a
model of CL stabilizing the CoQ synthome for its optimal function. CL achieves this by
interacting directly with individual Coq polypeptides of the CoQ synthome, and/or facilitating the
overall assembly of the CoQ synthome at the mitochondrial inner membrane. The CoQ
synthome became destabilized (represented by the dotted outlines) in the absence of CL
(crd1A) and CL remodeling (taz7A), and resulted in inefficient CoQ biosynthesis from its

precursors, pABA and 4HB (represented by the dotted lines).
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Supplemental Figure S1. Steady state levels of Coq polypeptides are more disturbed in
the crd1A and taz1A mutants under respiration-requiring conditions. Relative Coq
polypeptide levels shown in Figure 1 were quantified by band densitometry using Image J
software (https://imagej.nih.gov/ij/). Yeast were cultured in galactose-containing medium (Panel
A) or glycerol containing medium (Panel B). The densitometry reading of each cogA sample
was subtracted from the reading of each sample blotted against the corresponding Coq
polypeptide, then divided by the reading of the loading control Mdh1. The percentage of signal

intensity from each sample relative to the wild-type control was plotted in the y-axis.
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CHAPTER 6

Protein partners and lipid ligands: clues to the function of the Coq10 polypeptide in

respiration and CoQ biosynthesis
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INTRODUCTION

S. cerevisiae Coq10 is a unique Coq protein because its absence causes respiratory
deficiency, but not CoQ deficiency (1). In contrast, deletion of any of the COQ7-COQ9 genes
renders yeast CoQ-less as well as respiratory deficient (2). The respiratory deficiency in the
coq10A mutant is thought to result from a defect in delivering CoQ to its proper site in complex
lll, and the failure to transfer electrons through cytochrome c (3). Additionally, the yeast coq70A
mutant is exquisitely sensitive to polyunsaturated fatty acid (PUFA) treatment, suggesting that
the antioxidant function of CoQ also relies on Coq10 to transfer CoQ to sites where it functions
(4). Coq10 co-purifies with CoQ (1, 5), and in vitro Coq10-CoQ binding assays identify the
quinone ring as the feature important for binding (4). Interestingly, the steroidogenic acute
regulatory (StAR) related lipid transfer (START) domain of Coq10 mediates its binding to CoQ,
and also allows binding to late-stage CoQ-intermediates (4), implying possible role(s) in

biosynthesis or sequestering CoQ-intermediates.

Recent studies indicate that several Coq polypeptide members of the CoQ synthome
(including Coq3, Cog4, Cogb, Cog6, Coq7 and Coq9) are organized in distinct domains within
mitochondria that coincide with the endoplasmic reticulum (ER) and mitochondria junctions, and
reside in close proximity to the ER-mitochondria encounter structure (ERMES) complex and the
Ltc1/Tom70 complex, which consists of the ER-localized membrane sterol transporter Ltc1 and
the mitochondrial import receptor Tom70 at the mitochondrial outer membrane (6, 7). In
contrast, Coq10 does not assemble into specific domains, and is uniformly distributed within the
mitochondria (7). However, the number of CoQ domains within mitochondria is significantly

reduced in cells lacking Coq10 (6, 7).

One approach to decipher Coq10’s function is to look at the proteins that it interacts with.

The monomeric form of unprocessed Coq10 has a molecular weight of 24 kDa, but the
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digitonin-solubilized Coq10 from mitochondrial extract migrates in a fraction corresponding to a
high molecular mass complex >140 kDa on a sucrose gradient (1). Thus, characterization of the
high molecular weight Coq10-containing complex has the potential to provide important clues
about the molecular interactions required for Coq10 function. A second approach is to purify
Coq10 and investigate the ability of Coq10 to mediate lipid transfer by liposome binding assays.
Members of the START domain family bind to lipids such as cholesterol and polyketides at their
hydrophobic cavities, and they function as lipid transporters and/or sensors for regulating lipid
metabolism, homeostasis, as well as cell signaling (8). Liposome binding assays would enable
tests of Coq10’s function as a lipid transfer protein in addition to its lipid binding ability. This
chapter includes some of the preliminary results and describes methods used to conduct these

experiments.

164



MATERIALS AND METHODS
Yeast strains and growth media

S. cerevisiae strains used in this study are described in Table 1. Yeast growth media
included YPD (1% Bacto yeast extract, 2% Bacto peptone, 2% dextrose), YPG (1% Bacto yeast
extract, 2% Bacto peptone, 3% glycerol), YPGal (1% Bacto yeast extract, 2% Bacto peptone,
2% galactose, 0.1% dextrose), synthetic dextrose minimal-Complete (SD-Complete) and
synthetic dextrose minimal without histidine (SD—His) (0.18% Difco yeast nitrogen base without
amino acids and ammonium sulfate, 0.5% (NH4),S0O4, 0.14% NaH,POQ,, 2% dextrose, complete
amino acid supplement or amino acid supplement lacking histidine) (9, 10), drop out dextrose
(DOD) medium (0.68% yeast nitrogen base with ammonium sulfate without folic acid without
pABA, 0.14% NaH,PO,, 2% dextrose, complete amino acid supplement). Solid media contained

additional 2% Bacto agar.

Construction of Protein C-cMycy-tagged yeast strains

The coding sequence for the Protein C (PC) epitope (EDQVDPRLIDGK), in tandem with
nine repeats of cMyc epitope (EQKLISEEDL), and a HIS5 auxotrophic marker was amplified
from pGA2254 (11) using primers containing 5’ flanking regions homologous to ~50 base pair
upstream and ~50 base pair downstream of the stop codon of the COQ4, COQ5, and COQ10
ORF for chromosomal integration (Table 2). Following PCR cleanup (Thermo Fisher Scientific),
the PCR products were transformed into the yeast W303 wild-type cells using the lithium
acetate/PEG method (12), and transformed cells were selected on SD-His plate medium.
Colony PCR and DNA sequencing (Laragen) verified the integration of the PCcMyc, tag at the

correct gene locus.

Yeast mitochondria isolation
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Yeast strains grown in YPD were sub-inoculated into 600 mL YPGal medium for
overnight growth at 30°C 250 rpm until the cell density had reached <4.0 ODgoo/mL. The yeast
cells were harvested, spheroplasted, and the mitochondria were isolated as described
previously (13), in the presence of Complete EDTA-free protease inhibitor mixture (Roche),
phosphatase inhibitor cocktail set Il (EMD Millipore) and phosphatase inhibitor cocktail set 3
(Sigma-Aldrich) over Nycodenz (Sigma-Aldrich). Gradient purified mitochondria were flash
frozen in liquid nitrogen and stored at -80°C until use. The isolated mitochondrial protein
concentration was measured by the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific)

using bovine serum albumin as the standard (Thermo Fisher Scientific).

Immunoblot analysis of PCcMyc, tagged proteins

Purified mitochondria were resuspended in SDS sample buffer (50 mM Tris, pH 6.8,
10% glycerol, 2% SDS, 0.1% bromophenol blue, and 1.33% B-mercaptoethanol), and separated
on 12% Tris-glycine polyacrylamide gels. Proteins were subsequently transferred to 0.45 pym
nitrocellulose membrane (Bio-Rad), and blocked with blocking buffer (0.5% BSA, 0.1% Tween
20, 0.02% SDS in phosphate-buffered saline). The presence of PCcMyce-tagged proteins was
confirmed with rabbit polyclonal antibodies against Cog4 (1:2,000), Cog5 (1:5,000), and Cog10
(1:400), as well as with 0.25 ug/mL mouse anti-cMyc polyclonal antibody all prepared in
blocking buffer, followed by 1:10,000 dilution of the secondary IRDye 680LT goat anti-rabbit IgG
antibody, or IRDye 800CW goat anti-mouse IgG antibody (LICOR) in the same blocking buffer.

Immunoblot images were visualized with LICOR Odyssey Infrared Scanner (LiICOR).

Two-dimensional blue native/SDS-PAGE analysis of the high molecular weight
complexes
Two-dimensional blue native/SDS-PAGE was performed as described previously (14-

16). Aliquots of isolated mitochondria were solubilized at 4 mg/mL with solubilization buffer (11
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mM HEPES, pH 7.4, 0.33 M sorbitol, 1x NativePAGE sample buffer (Thermo Fisher Scientific),
16 mg/mL digitonin (Biosynth), Complete EDTA-free protease inhibitor mixture, phosphatase
inhibitor cocktail set Il, and phosphatase inhibitor cocktail set 3) for 1 hour on ice with mixing
every 10 min. After centrifugation at 100,000 g for 10 min, the soluble protein concentration in
the supernatant was measured by BCA assay. Aliquots of 80 ug of soluble protein were mixed
with the NativePAGE 5% G-250 sample additive (Thermo Fisher Scientific) to a final
concentration of 0.25%, and were subjected to gel electrophoresis on NativePAGE 4-16% Bis-
Tris gel (Thermo Fisher Scientific) in the first dimension, followed by 12% Tris-glycine
polyacrylamide gel in the second dimension. Immunoblot analyses of the CoQ synthome and
Coqg10-containing complex were performed as described above using antibodies against Cog4

and Coq9 (1:1,000), and Coq10.

Analyses of de novo and steady state levels of CoQs

Yeast whole cell lipid extraction, and quantification of de novo and steady state levels of
CoQg by reversed phase (RP)-HPLC tandem mass spectrometry were described previously (4,
17). Overnight cultures of yeast wild type, coq44, coqg5A, coq104, Coq4PCcMycy,
Cog5PCcMycy, and Coq10PCcMycg grown in SD-Complete medium were back diluted with
DOD medium to 0.1 ODgoo/mL and grown to 0.5 ODgoe/mL at 30°C 250 rpm. To trace de novo
CoQg biosynthesis, 3Cq-labeled ring precursors pABA or 4HB were dissolved in ethanol and
added to yeast cultures at a final concentration of 5 pg/mL. Vehicle control samples contained a
final concentration of 0.1% ethanol. The cells were incubated for three hours at 30°C 250 rpm
before triplicates of 5 mL culture were harvested. Yeast whole cell lipids were extracted twice
with 2 mL petroleum ether in the presence of internal standard CoQ,4 from methanol dissolved
cell pellets, and dried under a stream N, gas. A series of CoQg standards containing CoQ,4 were
prepared and lipid extracted concurrently with yeast samples to construct a CoQs standard

curve. The dried lipid extracts were reconstituted in 200 pL of 0.5 mg/mL benzoquinone in
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ethanol and were subjected to mass spectrometry analysis with a 4000 QTRAP linear MS/MS
spectrometer (Applied Biosystems). Lipid extracts were separated on a Luna phenyl-hexyl
column (100 x 4.6 mm, 5 ym; Phenomenex) with mobile phase of solvent A (95:5
methanol/isopropanol, 2.5 mM ammonium formate) and solvent B (isopropanol, 2.5 mM
ammonium formate). Unlabeled and *Cs-labeled CoQg eluted from the column with a linearly
increased gradient of solvent B from 0 to 10%. Elution of CoQ4, CoQs and *Ce-CoQg at distinct
retention times were monitored under multiple reaction monitoring mode (MRM) scanning
precursor to product ion transitions: CoQ4 m/z 455.4/197.0, CoQg m/z 591.4/197.0, "*Cs-CoQs
m/z 597.4/203.0, and m/z 472.0/197.0, m/z 608.0/197.0, m/z 614.0/203.0 for their ammoniated
adducts. Analyst 1.4.2 software (Applied Biosystems) was used for data acquisition and

processing.

Tandem affinity purification of PCcMyce-tagged proteins

Aliquots of 12 mg of purified mitochondria were solubilized at 4 mg/mL with solubilization
buffer (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM CaCl,, 8 mg/mL n-
dodecyl B-D-maltoside (DDM), Complete EDTA-free protease inhibitor mixture, phosphatase
inhibitor cocktail set Il, and phosphatase inhibitor cocktail set 3) for 1 hour on ice with mixing
every 10 min. The insoluble fraction was removed by centrifugation at 100,000 g at 4°C for 15
min. The remaining supernatant was mixed with 8 mL of PC resin equilibration buffer (20 mM
HEPES-KOH, pH 7.4, 100 mM NacCl, 1 mM CacCl,), and incubated with 1 mL anti-PC resin
(Roche) at 4°C for 2 hours. After the first affinity binding, the anti-PC resin mitochondrial lysate
mixture was applied to a gravity column, washed four times each with 10 mL anti-PC wash
buffer (20 mM HEPES-KOH, pH 7.4, 100 mM NaCl, 1 mM CaCl,, 1 mg/mL DDM), followed by
elution of bound proteins with 10 mL of anti-PC elution buffer (25 mM Tris-HCI, pH 7.2, 150 mM
NaCl, 5 mM EDTA, pH 8.0, 10% glycerol, 1 mg/mL DDM). The collected eluate was incubated

with 1 mL anti-cMyc resin (Thermo Fisher Scientific) pre-equilibrated with anti-cMyc equilibration
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buffer (25 mM Tris-HCI, pH 7.2, 150 mM NacCl) for second affinity binding at 4°C for additional 2
hours. The anti-cMyc resin slurry was applied to a gravity column, washed four times each with
10 mL anti-cMyc wash buffer (25 mM Tris-HCI, pH 7.2, 150 mM NacCl, 1 mg/mL DDM). The
bound protein was eluted twice each with 1 mL anti-cMyc elution buffer (25 mM Tris-HCI, pH
7.2, 150 mM NacCl, 1 mg/mL DDM, 1 mg/mL cMyc peptide (APEXxBio)) at room temperature. The

final eluates were kept at —80°C until use.

In-gel trypsin digestion and proteomic analysis

A mixture containing 500 pL of eluate 1 and 500 pL of eluate 2 from the tandem affinity
purification were concentrated to a final volume of ~10 L using a SpeedVac at 60°C, and
resuspended in 42 uL of SDS sample buffer. The proteins were separated on an 8-16%
Criterion TGX stain-free gel (Bio-Rad), and stained with a 1:1 mixture of fresh and used SYPRO
Ruby (Thermo Fisher Scientific) for visualization as described previously (18). Sample lanes
from the SYPRO Ruby stained gel were sliced into small pieces and subjected to in-gel trypsin
digestion, followed by LC-MS/MS analysis of the digested peptides as described (18).
Confirmation of potential Coq10-interacting proteins in the tandem affinity purification eluates
was performed by immunoblot analyses as described above using rabbit polyclonal antibodies
against Ssc1 (1:15,000), Cor1 (1:4,000), Qcr2 (1:4,000), Atp1 (1:4,000), and Atp2 (1:4,000), or
mouse polyclonal antibody against Rip1 (1:4,000), followed by 1:10,000 dilution of either goat
anti-rabbit or goat anti-mouse secondary antibody conjugated to horseradish peroxidase
(Calbiochem). Blots were visualized using Supersignal West Pico chemiluminescent substrate
(Thermo Fisher Scientific).
Cloning of Coq10M*%
DNA encoding S. cerevisiae Coq10™** (residues 31-207) was cloned into the

pHissSUMO vector (LifeSensors), resulting a fusion protein consists of an N-terminal six-residue
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His-tag followed by a SUMO-tag, and the mature form of Coq10 without its mitochondrial
targeting pre-sequence. Residues 31-207 of Coq10 was amplified from S. cerevisiae wild-type

W303 strain genomic DNA with Phusion High-Fidelity PCR Master Mix (New England BioLabs)

using primers 5- GGCCGGATCCTTTTTTGGTTTGAGCGGTAC-3’ and 5'-
GGCCCTCGAGTCACGGAGAGCCTTCTTTA-3’ obtained from Eurofins Genomics. Following
amplification, the PCR product was double-digested with restriction enzymes BamHI and Xhol
(New England BioLabs) at 37°C for 3 hours, and the pHiseSUMO vector was double-digested
with BamHI and Xhol at 37°C for 2 hours and additional 1 hour at 37°C with addition of calf
intestinal alkaline phosphatase (CIP) (New England BioLabs). Both the digested PCR product
and pHissgSUMO vector were subsequently purified using QIAquick Gel Extraction Kit (Qiagen).
Ligation was carried out overnight at 16°C using T4 DNA ligase (New England BioLabs). After
overnight incubation, the ligation mixture was transformed into DH5a competent Escherichia coli
cells (Thermo Fisher Scientific) and single colonies were selected on LB plates containing 50
Mg/mL kanamycin incubated overnight at 37°C. Cloning was confirmed by DNA sequencing
(Laragen).
Expression and purification of Coq10N4%°

The HissSUMO-tagged Coq10M** was expressed in transformed E. coli BL21 (DE3)
cells (Invitrogen). The E. coli culture was grown in LB with 50 pg/mL kanamycin at 37°C to an
ODgqo of 0.6-0.8 before the expression was induced with 1 mM 3-D thiogalactopyranoside
(IPTG) at 16°C for 18 hours. The cells were harvested by centrifugation at 4,500 g for 10 min at
4°C and lysed with M-110P microfluidizer (Microfluidics) in lysis buffer (50 mM NaH,PO,, pH
8.0, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 1 mM DTT, 0.1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, Complete EDTA-free protease inhibitor). The crude lysate was
centrifuged at 10,000 g for 45 min at 4°C and the collected soluble fraction was incubated with

pre-equilibrated Ni-NTA resins (Qiagen) for 2 hours at 4°C. To remove impurities, Ni-NTA resins
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were step washed three times each with 2 column volume (CV) of wash buffer (20 mM or 35
mM imidazole in 50 mM NaH,POQO,, pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM DTT, and 0.1%
Triton X-100), and the protein was eluted five times each with 1.5 CV of wash buffer containing
200 mM imidazole. The protein eluates were pooled and concentrated by Amicon (Millipore),
and recombinant His-tagged SUMO protease, also known as Ulp1 was added to the
concentrated eluate (approximately 400 ug of His-tagged Ulp1 was added to every 10 mL of
concentrated eluate) to cleave the HisgSUMO moiety during overnight dialysis against 50 mM
NaH,POQO,, pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM DTT, and 0.1% Triton X-100 at 4°C using
10K MWCO Slide-A-Lyzer dialysis cassette (Thermo Fisher Scientific). After overnight dialysis,
the protein inside the dialysis cassette was removed and allowed to incubate with pre-
equilibrated Ni-NTA resins for 2 hours at 4°C to remove His-tagged Ulp1 protease, HisgSUMO
moiety released from Ulp1 cleavage, and any uncleaved HissSUMO-tagged Coq10"** fusion
protein, leaving cleaved Coq10™**® in the flow through. The Ni-NTA resins were washed four
times each with 2 CV of wash buffer without imidazole. The combined flow through and washes
were concentrated with Amicon and further purified by gel filtration chromatography on a
Superdex 75 Increase column (GE Healthcare) to remove any residual contaminants and buffer
exchange to 10 mM Tris, pH 7.0, 10 mM NaCl, 0.5 mM Tris (2-carboxyethyl)-phosphine

hydrochloride (TCEP), 3% 2-methyl-2, 4-pentanediol (MPD), and 0.1% DDM.

Proteomic analysis of HisecSUMO-Coq10"**° for identity confirmation

Before SUMO protease cleavage during overnight dialysis, a small fraction of the
HissSUMO-Coq10™** fusion protein was buffer exchanged and concentrated into 50 mM
NaH,POQO,, pH 8.0, 300 mM NaCl, 1 mM DTT, and 0.1% Triton X-100 to about 10 mg/mL. The
total volume of the protein sample was brought up to 400 uL, and an equal volume of methanol,
and 100 uL of chloroform were added. After vigorous vortexing and centrifugation at 12,000 g at

4°C for 10 min, the precipitated protein was collected at the interface. A 400 pL of methanol was
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added to wash the protein precipitate. After centrifugation at 12,000 g at 4°C for 10 min, the
protein precipitate was collected at the bottom of the tube and dried inside a SpeedVac. The
dried protein was reconstituted with 0.1% TFA to 500 uL and concentrated to a final volume of
30 pL using Amicon 10K MWCO ultracentrifugal filter (Thermo Fisher Scientific). The protein
solution was then diluted 5x in 50/50 [v/v] H,O/acetonitrile, 1% formic acid to an estimated final
concentration of 18 uM using a NanoDrop spectrophotometer (Thermo Fisher Scientific) against
a standard curve prepared with bovine serum albumin. Subsequently, 4 uL of this solution was
transferred to a metal-coated borosilicate capillary (Au/Pd coated, 1 um i.d., Thermo Fisher
Scientific) and mounted in the nanospray ion source. Mass spectrometry experiments were
performed using a 15T SolariX FTICR instrument equipped with an infinity cell (Bruker
Daltonics). The following instrument settings were used: ESI voltage 1.2 — 1.3 kV, dry gas
temperature 180°C, flow rate 2.0 L/min, rf amplitude of ion funnels 200 Vpp, Funnel 1 voltage
200 V, Funnel 2 voltage 6 V, Skimmer 1 voltage 40 V (60 V for ECD), Skimmer 2 voltage 5V,
multipole 1 rf frequency 2 MHz, quadrupole rf frequency 1.4 MHz, transfer hexapole rf frequency
2 MHz, time-of-flight 1.000 ms, sweep excitation power 15.0%. lons were accumulated for 500
ms in the collision cell before entering the infinity ICR cell. Source, quadrupole, and UHF
pressures were 2.54e0, 3.72e-6, and 1.77e-9 mbar, respectively. For ECD, a pulse length of 30
ms, a bias of 0.9 V, and a lens voltage of 15.0 V were used. The hollow-cathode current was
held at 1.6 A. For accurate mass determination of the intact HissSUMO-Coq10™**°, 130 scans
were combined, whereas this was increased to 350 for top-down ECD in order to obtain a
sufficient signal-to-noise ratio for fragments. Spectra were processed with DataAnalysis (Bruker
Daltonics), using the SNAP algorithm (quality factor threshold 0.5, S/N threshold 2, maximum
charge state 45%) for peak detection and monoisotopic mass estimation. Peak assignment was

performed manually using an in silico generated list of possible ¢ and z fragments.

Generation of cogAcoq10A double deletion mutants
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The cogAcoq10A double deletion mutants were generated by replacing the COQ70 ORF
in each single cogA deletion mutant with a URA3 auxotrophic marker amplified from pRS306
vector using primers 5’-

AATAATAGGATAAGGAGCCAAACAATAAACGGCTAAAGATACCGTGGAGATCAATTCAAT

TCATCATTTTTTTTT-3' and 5'-

GCTTATCCTGGATGGCATGATCTTTGTTATCTGAAATTATACGGAAGATATTAGTTTTGCTG

GCCGCAT-3 (sequences homologous to the upstream of COQ10 start codon and downstream
of the COQ170 stop codon were underlined). A separate cog2Acoq9A double deletion mutant
was generated by replacing the COQ9 ORF in a yeast cog2A mutant with KANMX4, which was
amplified from BY4741 coq9A genomic DNA using primers 5'-

TTTGGGCCTACATAAGGTACTTCCGTACGCTGCAGGTCGAC-3’ and 5'-

CGCACAGTACCAATAAATCTGCCTAGCTACTTAAGCTCGAGC-3 (sequences homologous to

the upstream of COQ9 start codon and downstream of the COQ9 stop codon were underlined).
Transformation of the PCR product into corresponding yeast coqA cells followed the lithium
acetate/PEG method (12) described above, and successful knock out of the gene of interest

was confirmed by colony PCR.
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RESULTS
Integration of PCcMyc, tag retains Coq4, Coq5, and Coq10 protein function

One approach to characterize Coq10-containing high molecular weight complex involves
co-precipitation of its interacting protein partners with functional PCcMyce-tagged Coq10.
Generation of C-terminal PCcMycq fusion of Coq10 was accomplished by homologous
integration of the tag into the genomic DNA in order to maintain endogenous expression of

Coq10 within the cell.

Expression of PCcMycg-tagged Cog4, Coqg5, and Coq10 was confirmed by antibodies
against individual Coq polypeptide, as well as with antibody against the cMyc epitope (Figure 1).
To ensure that integration of the tag does not interfere with Cog4, Coq5, or Coq10 activities, we
assessed their respiration-dependent growth on non-fermentable glycerol-containing medium,
assembly into high molecular weight CoQ synthome or Coq10-containing complex, and their
ability to perform CoQ biosynthesis. Our results showed that C-terminal PCcMycg fusions of
Cog4, Cog5 and Coq10 did not affect the respiratory function of the corresponding cells, as
indicated by their robust growth on YPG medium comparable to the wild type control cells
(Figure 2). Incorporation of a C-terminal tag did not affect the assembly of corresponding Coq
polypeptide into their respective high molecular weight complexes. On the two-dimensional
BN/SDS-PAGE, the CoQ synthome is distributed across the entire range of high molecular
weight standards, as represented by both Cog4 and Coq9 signals in the wild-type cells (Figure
3A,B). The cells expressing Cog4PCcMycy and Cog5PCcMycy retained the high molecular
weight CoQ synthome similar to that of the wild type, as represented by Coq9 signals (Figure
3B). When Cog4 was used as the proxy for the CoQ synthome, while the distribution of the CoQ
synthome appeared to be similar in both the wild-type cells and in cells expressing
Cog5PCcMycy, the Cog4 signal in cells expressing Coq4PCcMycg was detected at a molecular

weight greater than 440 kDa, which matches the added weight from the tag (Figure 3A).
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Likewise, PCcMycg-tagged Coq10 also remained at high molecular weight, which appeared to
be at slightly higher molecular weight when compared to the Coq10-containing complex from

untagged wild type cells (Figure 3C).

Next, to check if integration of the tag would affect CoQ biosynthesis, the wild-type cells,
cells expressing PCcMycg-tagged Cog4, Cog5, or Cog10, as well as their respective deletion
mutants were supplemented with *Cg-labeled pABA or 4HB, and harvested at logarithmic
growth phase. Levels of de novo CoQsg, unlabeled CoQg, and the total CoQs in their whole cell
lipid extract were quantified. Consistent with previous findings, the absence of Coq4 or Cog5
completely abolishes CoQg biosynthesis (Figure 4), and the de novo "*C-CoQg production is
less efficient in the coq704 mutants relative to the wild-type control (Figure 4A). The cells
expressing Coq4PCcMycy, Cog5PCcMycy, or Coq10PCcMycy make similar or more 13Ce-CoQs
compared to the wild-type cells originating from both *Cs-pABA and *Cs-4HB (Figure 4A). The
cells expressing Coq4PCcMycg, or Coq10PCcMycy accrued slightly more unlabeled CoQg in the
samples treated with the vehicle control ethanol (Figure 4B), whereas the cells expressing
Cog5PCcMyc, seemed to contain less unlabeled CoQg in samples supplemented with ">Ce-
pABA or *Cs-4HB (Figure 4B). However, the total amounts of CoQg in cells expressing
PCcMycg fusion proteins are similar to the wild-type control cells (Figure 4C). Collectively, these
results show that integration of the PCcMycy does not affect the normal functions of Coqg4,

Cog5, or Coq10 in the cell.

Affinity purification of Coq10-interacting protein partners

Detergent solubilized mitochondria from wild-type cells and cells expressing
Coqg10PCcMycy were subjected to tandem affinity purification against the protein C and cMyc
epitopes. Eluates from the affinity purification were used to look for potential Coq10-interacting

proteins by mass spectrometry using the bottom-up approach based on recovered tryptic
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peptides. Interestingly, data from two independent experiments showed that Coq10 co-
precipitated with Sdh1 from Complex Il (Table 3, Exp.1) and Rip1 from Complex Ill (Table 3,
Exp.2). Even through subunits Qcr2 and Cor1 from Complex Ill were also detected in both
experiments in the Coq10PCcMycg pull down eluates, both proteins were also present in the
eluate from the wild-type control in the second experiment, which implies a possible non-specific
binding (Table 3). The second trial of affinity purification of Coq10PCcMycg also identified
several ribosomal proteins with low sequence coverage (Table 3, Exp.2). To confirm the
presence of some Coq10-interacting proteins in the tandem affinity purification eluate, we
performed immunoblot analysis against Cor1, Qcr2, and Rip1 using eluates collected from
experiment 2. Unfortunately none of these proteins were detected in the Coq10PCcMycg pull

down eluates (Figure 5).

Purification of HissSUMO-Coq10"**°

In an effort to perform a liposome binding assay, an expression vector was constructed
for overexpressing an N-terminal HissSUMO fusion of Coq10™**°, which lacks the mitochondrial
targeting sequence from the primary transcript. Inclusion of a HissSUMO tag also improves the

solubility of the fusion protein. Upon overexpression in E. coli, Coq10N**

can be easily purified
after two rounds of Ni-NTA affinity chromatography. After the first Ni-NTA affinity
chromatography, the HissSUMO-Coq10"** fusion protein was purified from the rest of the cell
lysate, and the eluate containing HissSUMO-Coq10™**° fusion protein was subjected to
overnight cleavage by His-Ulp1, which recognizes the secondary structure of the SUMO moiety
and cleaves off the HisesSUMO tag. Thus, a second Ni-NTA affinity chromatography served to
remove any uncleaved HissSUMO-Coq10"**° fusion, cleaved HissgSUMO tag, and His-Ulp1,

NA
0 30

leaving purified Coq1 in the column flow through. An example of purification scheme can

be found in Figure 6.
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Verification of the purification of HissSUMO-Coq10MN%°

The HissSUMO-Coq10™** fusion protein was detected at 33846.41299 Da (Figure 7B),
which was within 4.06 ppm deviation from its theoretical value (33846.27562 Da). This detected
molecular weight of HissgSUMO-Coq10"** corresponds to the removal of N-terminal translation
initiator Met from the fusion protein by E. coli methionine aminopeptidases (MetAPs) (19). The
molecular species result from the +178 mass shift is likely due to the post-translational
phosphogluconoylation of HissSUMO-Coq10™** (Figure 7A). This type of modification in E. coli
expressing His-tagged fusion proteins has been previously documented (20). Overall, the top-
down electron capture dissociation (ECD) experiment confirmed the sequence of the purified
HissSUMO-Coq10M**° (data not shown). ECD fragment assignment shows good sequence
coverage in terminal regions, and no ECD fragment is detected in the region between Leu85
and Glu216. ECD fragments at the N- and C-termini account for over 50% sequence coverage
for the fusion protein. Three fragments in the N-terminal region are observed carrying +178 Da
modification. Combination of accurate mass supported by ECD fragmentation data is convincing

for the protein identity.

Rescue of coqAcoq10A double deletion mutants with exogenous CoQg

The hallmark phenotype of CoQ-less yeast cogA deletion mutants is that their respiration
deficiency can be rescued by addition of CoQg to yeast whole cells, or by addition of CoQ; to
isolated mitochondria. However, the CoQg-dependent rescue of respiration was found to be
defective in coq24Acoq10A double deletion mutants (21). This result is intriguing because it
identifies a role for the Coq10 and Coqg2 polypeptides in the assimilation of exogenous CoQg
from the extracellular environment into the cell and into mitochondria to support respiration.
Thus, a coqAcoq10A double knockout library was constructed, and tested for the competency of
rescue by exogenous CoQg in these double null mutants by following their growth in YPG

medium supplemented with exogenous CoQg. Inconsistent with the published result, our data

177



demonstrate competence of rescue by exogenous CoQs in the cog24coq10A double deletion
mutant, as well as in the control coqg2Acoq9A double deletion mutant, as indicated by its growth

comparable to the wild-type cells (Figure 8).

Growth phenotype of cogAcoq70A double deletion mutants

Although Coq10 exists in high molecular weight complexes, it has not been
demonstrated to interact with any of the Coq polypeptides of the CoQ synthome. Previously,
Coq10 was found to co-migrate with Cog2 and Coq8 by two-dimensional BN/SDS-PAGE (11). It
is possible Coqg2, Cog8 and Coq10 may represent an independent complex. Moreover, since
Cog8 has been detected in the Coqg6-CNAP pull down eluate (18), it is also plausible that Cog10
may interact with members of the CoQ synthome transiently. Thus, if Coq10’s function requires
its interaction with members of the CoQ synthome, then a double deletion mutant devoid of both
Coqg10 and CogX would result in a defective growth phenotype. We tested this hypothesis by
comparing the growth phenotypes of cogAcoq10A double deletion mutants to coq70A mutants
on YPD at non-permissive temperature. As expected, the yeast coq704 mutant formed petite
colonies on YPD at both permissive and non-permissive temperatures (Figure 9) as has been
reported previously (1). Interestingly, the petite growth phenotype of yeast coq704 mutant

appears to be reversed in the absence of any one of the Coq1-Coq9 polypeptides (Figure 9).
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DISCUSSION AND FUTURE DIRECTIONS

Although the integration of the PCcMycq-tag retained the function of Coq10, our attempts
to look for Coq10-interacting proteins using the tandem affinity purification approach against the
PCcMyce-tag were unsuccessful. We were unable to confirm the presence of potential Coq10-
interacting proteins that were identified through the proteomic approach on immunoblots.
Stoichiometric analysis suggests that Coq10 is approximately two orders of magnitude less
abundant than other respiratory chain components (1). Thus, it seems likely that the detection of
the constituent members of Complex Il and Il may represent non-specific interactions. For
proteins detected with low sequence coverage, it is likely that these proteins are in low
abundance, and requires significant enrichment in order to be detected on immunobilots. It is
also possible that proteins interact with Coq10 with low affinities do not withstand the buffer
conditions, and thus are not captured in the final eluate. To address this concern, one possibility
is to strengthen the protein interaction with Cog10 with a small molecule crosslinker, such as
dithiobis-succinimidyl propionate (DSP). DSP is membrane permeable, and contains an amine-
reactive NHS-ester group at each end of the molecule. DSP reacts with primary amines on
proteins forming stable amide bonds, and it crosslinks Coq10 with proteins within 12 A range.
Moreover, instead of using wild-type yeast mitochondria, PCcMycg-tagged Cog4 and Cog5 will
serve as better controls to exclude proteins that interact non-specifically with the anti-PC and/or
anti-cMyc resin in future studies. The PCcMyce-tagged Cog4 and Coq5 themselves will provide

an opportunity to look for new members that are part of the CoQ synthome.

A general function of START domain containing proteins is to facilitate lipid transfer at
membrane contact sites. Ltc1 is an ER localized, START domain containing protein (22). Ltc1
forms complexes with Tom70 or vacuolar membrane protein Vac8 at the ER-mitochondria, or
ER-vacuole contact sites for sterol transport (22). Coq10 is also a START domain protein, and

its ortholog CC1736 in Caulobacter crescentus binds CoQg and late-stage CoQge-intermediates
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(4, 23). Thus, we can take advantage of purified HissSUMO-Coq10"** or Coq10™** to perform
in vitro lipid transfer assay to see if Coq10 may be involved in facilitating movement of CoQg
and CoQg-intermedaites between membranes. While short chain CoQ, isoforms (n denotes the
number of isoprene units) with n<4 distribute between membranes via free diffusion, more
hydrophobic CoQg requires lipid chaperones to facilitate its traffic between membranes. Thus,
we can set up an in vitro lipid transfer assay (24), in which donor liposomes containing pyrene
and CoQg are added to acceptor liposomes containing pyrene alone, in the presence and
absence of Coq10. The efficiency of CoQg transfer between liposomes will be measured as a
function of varying Coq10 concentration and a function of time. The fluorescence readout from
the acceptor liposomes with pyrene will be quenched if Coq10 was able to extract the CoQg
from the donor liposomes and deliver it to the acceptor liposomes. The result will consolidate

Coq10 function as a CoQ transfer protein.

So far, the lipid binding function of Coq10 is well established, and newly emerged
studies point towards a regulatory role of Cog10. The mitochondrial CoQ domain formation
requires CoQg and late-stage CoQg-intermediates. The yeast coqg70A mutant makes CoQg and
accumulates CoQg-intermediates, but contains fewer mitochondrial CoQ domains compared to
the wild-type cells (6, 7). It seems plausible that Coq10 may dictate the formation of
mitochondrial CoQ domain, and/or guide the positioning of CoQ synthome at the ER-
mitochondria junction. Thus, it will be interesting to take a closer look at the position of
mitochondrial CoQ domains relative to the ERMES complex and Ltc1/Tom70 complex in the
coq10A mutant. Does absence of Coq10 disrupt CoQ domain formation specifically at the ER-
mitochondria tether formed by ERMES complex, or Ltc1/Tom70 complex, or both? In the S.
cerevisiae genome, COQ10 shares a bi-directional promoter with MDM12, which encodes a
member of the ERMES complex. This particular arrangement suggests a possible functional link

between Coq10, ERMES complex, and/or the positioning of the CoQ domain at the ER-
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mitochondria contact sites.-We have shown in Chapter 3 that absence of ERMES complex
subunits did not affect the steady state levels of Coq10. It will be very interesting to check if the
steady state levels of ERMES complex subunits are affected in the mutant cells lacking Coq10.
Furthermore, there exists a network of membrane contact sites between mitochondria, ER,
vacuoles, peroxisomes and lipid droplets in yeast, and it is also worth investigating the position

of CoQ domains relative to other organelles aside from the ER.

So far, one major challenge for studying CoQ biosynthetic pathway is that the yeast
mutant cells lacking CoQ biosynthetic enzymes in the pathway (coq3A-coq94) accumulate
prenylated early CoQ-intermediates, namely hexaprenyl-4-aminobenzoic acid (HAB) and
hexaprenyl-4-hydroxybenzoic acid (HHB) (15), and do not produce diagnostic CoQ-
intermediates, making it impossible for diagnosis of the impaired enzymatic step in the pathway.
In Chapter 3, we have shown that the ERMES deletion mutants are inefficient for CoQg
production, and as a result ERMESA mutants accumulate CoQg-intermediates in their whole cell
lipid extract (6). Thus, the ERMESA mutants provide a platform to look for uncharacterized
CoQg-intermediates. Tropylium-like [m/z = 150] and chromenylium-like [m/z = 190] ions are
known transition ions generated from prenylated aromatic and benzoquinone rings under
electronspray ionization conditions (17). Using these two signature fragmentation ions, we can
perform a precursor ion scan in the ERMESA mutants to look for new CoQ-intermediates in the

pathway.

In Chapter 2, protein sequence similarity network analysis revealed RatA from E. coli
belongs to the Coq10-like protein family. RatA modulates cell cycle on the translation level by
inhibiting 70S ribosome association, in response to stresses such as nutrient starvation (25).
Based on the identification of several ribosomal proteins in the Coq10PCcMycy pull down eluate

(Table 3, Exp.2), we think that Coq10 may have a similar regulatory role. In Chapter 3, we
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discussed that Mdm12 may enter the nucleus upon overexpression (26). If nucleus localized
Mdm12 were to function as a feedback control of its own expression, how is it going to affect the
expression of Coq10 given that they share a same promoter sequence? Meanwhile, we should
also look into how RatA maybe related to the recently identified Ubi complex and its component

subunits the are responsible for CoQg biosynthesis in E. coli (27).

Last but not least, we speculated that Coq10 may function to sequester/remove
potentially toxic CoQ or CoQ-intermediates. This hypothesis is supported by the observation
that deletion of COQ7-COQ9 in coq10A single mutants improves the growth phenotype of
coq10A under heat stress at non-permissive temperature (Figure 9). CoQ may undergo one
electron reduction, forming semiquinone radical. CoQ-intermediates themselves or their
metabolites can also act as electrophiles. A combination of both oxidative and electrophilic
stress may render coq10A mutant cells sensitive to heat stress at elevated temperature. We
think that deletion of Coq1-Coq9 in the yeast coq70A mutant abolishes the production of
potentially toxic CoQ-intermediates, demethoxy-CoQgs (DMQg), imino-demethoxy-CoQg (IDMQg),
demethyl-demethoxy-CoQes (DDMQg), as well as HAB and HHB present in the coq710A mutant,
thus improves the growth of cogAcoq104 mutants as observed. However, this hypothesis begs
for further validation, which can be achieved either by comparing the expression profile of
antioxidant enzymes, such as glutathione peroxidase, catalase, and superoxide dismutase in
the coq10A mutant and in the coqgAcoq10A mutants, or we can obtain a direct readout of
oxidative damage to the cells using ROS-sensitive dye upon exogenous addition of suspect
CoQ-intermediates. Hopefully, all fore mentioned experiments will provide insights to help

determine the molecular function of Coq10.
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Table 1. Genotype and source of yeast strains

Strain Genotype Source
MAT a ade2-1 can1-100 his3-11,15 leu2-3,112 R.
W303 1B
tro1-1 ura3-1 Rothstein®
MAT a ade2-1 can1-100 his3-11,15 leu2-3,112
W303 Cog4PCcMyce This study
trp1-1 ura3-1 COQ4::COQ4-PC-cMyc-HIS5
MAT a ade2-1 can1-100 his3-11,15 leu2-3,112
W303 Cog5PCcMyce This study
trp1-1 ura3-1 COQ5::COQ5-PC-cMyc-HIS5
MAT a ade2-1 can1-100 his3-11,15 leu2-3,112
W303 Coq10PCcMyce This study
trp1-1 ura3-1 COQ10::COQ10-PC-cMyc-HIS5
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 cor1A (28)
trp1-1 ura3-1 cor1::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq1A (29)
trp1-1 ura3-1 coq1::LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 (30)
W303 coq24
trp1-1 ura3-1 coq2::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 (31)
CC303
trp1-1 ura3-1 coq3::LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 (32)
W303 coq4A
trp1-1 ura3-1 coq4:: TRP1
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 (9)
W303 coqbA
trp1-1 ura3-1 coq5::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coqb6A (33)

trp1-1 ura3-1 coqb6::LEU2
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Table 1. Genotype and source of yeast strains (Cont.)

Strain Genotype Source
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq74 (34)
trp1-1 ura3-1 coq7::LEU2
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 (32)
W303 coq8A
trp1-1 ura3-1 coq8::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq9A (35)
trp1-1 ura3-1 coq9::URAS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112 (1)
W303 coq10A
trp1-1 ura3-1 coq10::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq1Acoq10A This study
trp1-1 ura3-1 coq1::LEU2 coq10::URA3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq2Acoq10A This study
trp1-1 ura3-1 coq2::HIS3 coq10::URA3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq3Acoq10A This study
trp1-1 ura3-1 coq3::LEUZ2 coq10::URA3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq4Acoq10A This study
trp1-1 ura3-1 coq4::TRP1 coq10::URA3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coqgbAcoq10A This study
trp1-1 ura3-1 coq5::HIS3 coq10::URA3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
W303 coq6Acoq10A This study

trp1-1 ura3-1 coq6::LEUZ2 coq10::URA3
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Table 1. Genotype and source of yeast strains (Cont.)

Strain

Genotype

Source

W303 coq7Acoq10A

W303 coq8Acoq10A

W303 coq9Acoq10A

W303 coq2Acoq9A

MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
trp1-1 ura3-1 coq7::LEUZ2 coq10::URAS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
trp1-1 ura3-1 coq8::HIS3 coq10::URA3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112
trp1-1 ura3-1 coq9::URA3 coq10::HIS3
MAT a, ade2-1 can1-100 his3-11,15 leu2-3,112

trp1-1 ura3-1 coq2::HIS3 coq9::.kanMX4

This study

This study

This study

This study

® Dr. Rodney Rothstein, Department of Human Genetics, Columbia University, New York, NY.

Mating type a (MAT a) is in bold to distinguish it from mating type alpha (MAT a).
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Table 2. Primers used in this study

Primer

Primer sequence

Coqg4PCcMycg

forward primer

Cog4PCcMycg

reverse primer

Cog5PCcMycg

forward primer

Cog5PCcMycg

reverse primer

Coq10PCcMycg

forward primer

Coq10PCcMycg

reverse primer

5'GGAGATTGACGCAAAATACAACTCACAGAAACGAGCCACGA

CTCCAGCAAGTGGTGGTGCTGGTGGTGAAGACCAAGTCGAT
CCCAGACTTATAGACGGTAAATCCGGTTCTGCTGCTAG?’

5'ATCGCAAGATCGCCTTGGACGACCATCCTATATAGTATATTA

TAGCTGACCCTCGAGGCCAGAAGAC 3'

5’ ACGAAAGTTTAACTTTTGGTATATGTGCCATCCATTGGGGCA

TTAAAGTTAGTGGTGGTGCTGGTGGTGAAGACCAAGTCGATC
CCAGACTTATAGACGGTAAATCCGGTTCTGCTGCTAGS

5'CTGCACATCACAGCAAAATATATGGCTATCACATGGCACAG

GTATTACTACCTCGAGGCCAGAAGACS

5CATTTAGTAAGATTAGCAATGCTAAAACCTTCTTCTAAAGAAG

GCTCTCCGAGTGGTGGTGCTGGTGGTGAAGACCAAGTCGAT
CCCAGACTTATAGACGGTAAATCCGGTTCTGCTGCTAG?’

5'ATTTAACCATGCATACGCTTATCCTGGATGGCATGATCTTTG

TTATCTGCCTCGAGGCCAGAAGACS3'

The underlined sequences represent flanking regions that are homologous to the approximately

50 base pair upstream and downstream of the stop codon of the gene of interest. The coding

sequence for the protein C (PC) epitope is bolded.
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Table 3. Proteins identified in the eluates from anti-Protein C

and anti-cMyc tandem affinity purification

WT (Exp.1) Coq10PCcMycg (Exp.1)
Protein . % . _n %
Name Description Coverage Protein Name Description Coverage
Ubid Ubiquitin 27.48 Coq10 Coenzyme Q (ubiquinone) g o7
binding protein
Hhf1 Histone H4 18.45 Ssc1 Hsp70 family ATPase 29.23
Por1 Mitochondrial outer 13.38 Ubi4 Ubiquitin 28.87
membrane porin
Hta1/Hta2? Histone H2A 12.4 Atp1 ATP synthase subunit alpha 211
Hht1 Histone H3 10.29 Hhf1 Histone H4 18.45
Actt Actin 7.78 Por1 Mitochondrial outer 17.47
membrane porin
Teft Translation elongation 6.57 Actt Actin 15.56
factor 1-alpha
Ssa4 Hsp70 fag:g‘t’e?:at shock 5.61 Hta1/Hta2? Histone H2A 12.4
. Class E Vps protein of the .
Did4 ESCRT-IIl complex 3.97 Hsp60 Heat shock protein 10.69
Ssc1 Hsp70 family ATPase 3.78 Hht1 Histone H3 10.29
ATP synthase subunit ATPase involved in protein
Atp1 alpha 3.67 Kar2 import into the ER 9.83
Subunit 2 of ubiquinol
Hsp60 Heat shock protein 2.8 Qcr2 cytochrome-c reductase 8.42
(Complex III)
Core subunit of ubiquinol
Cor1 cytochrome c reductase 6.78
(Complex III)
Ald4 Mitochondrial aldehyde 6.52
dehydrogenase
Ssa4 Hsp70 family heat shock 5.61
protein
Atp2 ATP synthase subunit beta 5.28
Mitochondrial external NADH
dehydrogenase; type Il
NAD(P)H:quinone
Nde1 oxidoreductase that catalyzes 469
the oxidation of cytosolic
NADH
Tef1 Translation elongation factor 4.59
1-alpha
Glycerol-3-phosphate
Gpd1/Gpd2 dehydrogenase 4.24
Ssa3 Hsp70 family ATPase 4.2
Iv2/1lve Acetolactate synthase 4.1
. Class E Vps protein of the
Did4 ESCRT-IIl complex 3.97
Flavoprotein subunit of
Sdh1 succinate dehydrogenase in 29
complex Il
Mitochondrial inner
Afg3 membrane m-AAA protease 2.71
component
Eft1 Translation elgngatlon factor 1.92
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Table 3. Proteins identified in the eluates from anti-Protein C

and anti-cMyc tandem affinity purification (cont.)

WT (Exp.2) Coq10PCcMycy (Exp.2)
. . % Protein - %
Protein Name Description Coverage Name Description Coverage
Subunit 2 of ubiquinol
Qcr2 cytochrome-c reductase 6.47 Ssc1 Hsp70 family ATPase 28.08
(Complex IlI)
RpI26A 60S ribosomal protein L26- 472 Coq10 Coenzymg Q (ublqglnone) 15.94
A binding protein
Atp2 ATP synthase subunit beta 4.7 Rpl36 60S ribosomal protein L36 12.35
Atp1 ATP Sy”;'l‘;;: subunit 4.22 Rpl25 60S ribosomal protein L25 9.15
Translation elonaation Rieske iron-sulfur protein of
Tef1 9 3.81 Rip1 ubiquinol cytochrome-c 7.96
factor 1-alpha
reductase (Complex IIl)
Dig4 Class E Vps protein ofthe 5 45 Rps18B 408 ribosomal protein S18-8  7.53
ESCRT-IIl complex ’ ’
Core subunit of ubiquinol
Cor1 cytochrome c reductase 2.41 Rps14A 40S ribosomal protein S14-A 7.3
(Complex Il1)
Ssc1 Hsp70 family ATPase 1.97 Rps13 40S ribosomal protein S13 7.28
Hfa1-like Hfa1 is the mitochondrial Core subunit of ubiquinol
- acetyl-coenzyme A 0.3 Cor1 cytochrome c reductase 6.35
protein
carboxylase (Complex Il1)
Adh2 Cytoplasmic NAD-dependent 517
alcohol dehydrogenase
Subunit 2 of ubiquinol
Qcr2 cytochrome-c reductase 4.98
(Complex Ill)
Rpl26A 60S ribosomal protein L26-A 4.72
Tef1 Translation elongation factor 415
1-alpha
Rpl32 60S ribosomal protein L32 3.85
Mitochondrial inner
Aac3 membrane ADP/ATP 3.02
translocator
Atp2 ATP synthase subunit beta 2.74
Atp1 ATP synthase subunit alpha 1.83
Cdc19 Pyruvate kinase 1.8
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Coq4

Coq5

Coq10

cMyc

Mdh1

Figure 1. Expression of PCcMycgy-tagged Coq4, Coq5, and Coq10 are detected in isolated
mitochondria. An aliquot of 25 ug of purified mitochondrial protein from wild type,
Cog4PCcMycy, Cog5PCcMycg, and Coq10PCcMycy were loaded in each lane and separated on
12% SDS-PAGE gels. Expression of Coq4PCcMycg, Coqb5PCcMyce, and Coq10PCcMycy was
confirmed by immunoblot analyses against Coqg4, Cog5, Coq10, as well as the cMyc tag. Yeast

mitochondrial malate dehydrogenase (Mdh1) was included as loading control.
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W303
o lglill © O © % w

coq4h ~
Cog4PCcMyc, K KK EER
cog5A R
Coq5PCcMyc, R R I
YPD, Day 3

W303

cor1A

coq10A

Coq10PCcMyc,

YPD, Day 3 YPG, Day4 SD-His, Day 3

Figure 2. Integration of PCcMyc, tag retains the function of Coq proteins. Overnight
cultures of wild-type W303, respiratory deficiency cor1A mutant, CoQ-less coq44A and cog54
mutants, coq7104, and cells expression Coq4PCcMyce, Cog5PCcMycy, and Coq10PCcMycy
grown in YPD were diluted to 0.2 ODgoo/mL, from which a series of five-fold diluted samples
were prepared. Beginning with the sample at 0.2 ODgoo/mL, an aliquot of 2 pL of series of five-
fold diluted sample was plated in each spot on YPD, YPG and SD-His plate medium. Pictures

were taken three to four days after incubation at 30°C.
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Figure 3. Integration of the PCcMyc, tag does not affect Coq protein assembly into high

molecular weight complexes. An aliquot of 80 ug of purified mitochondrial protein from wild

type, and strains expression Coq4PCcMycs, Cog5PCcMycy, and Coq10PCcMycgy was resolved

on a two-dimensional BN/SDS-PAGE, and blotted against A) Cog4, B) Coq9, and C) Cog4 and

Coq10. An aliquot of 25 pg of the intact mitochondria from each sample was loaded in the lane

labeled “M”, and a same amount of cog4A or coq9A mitochondria was loaded in the lanes

labeled “4A”, or “9A” as negative controls.
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Figure 4. Integration of the PCcMyc, tag has no negative effect on CoQg biosynthesis.
The A) de novo, B) unlabeled, and C) total amount of CoQg were measured from yeast whole
cell lipid extracts from wild type, cog44, coqbA, coq104, and strains expressing Coq4PCcMycy,
Cog5PCcMyc,, and Coq10PCcMyc, labeled with *Ce-pABA (red), OR *Cg-4HB (blue) in DOD
medium for 3 hours. The statistical analyses were performed using two-way ANOVA multiple
comparison from three biological replicates, comparing each sample 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.
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Figure 5. Inmunoblot analyses of Coq10PCcMycg pull down eluates (Exp.2) for potential
Coq10-interacting protein partners. An aliquot of 25 ug of purified intact mitochondrial protein
from wild type and Coq10PCcMycg was loaded in the lanes labeled “M”. An aliquot of 5 uL
sample from a mixture containing 200 uL of eluate 1 and 200 pL of eluate 2 was loaded in the
lanes labeled “E++,”, and an aliquot of 5 uL from a four-fold more concentrated E;., was loaded
in the lanes labeled “E1.,*". The presence of Coq10PCcMycgin the intact mitochondria before
solubilization and in elutes was confirmed by immunoblot analyses against the cMyc tag. Rabbit
polyclonal antibodies against Ssc1 (1:15,000), Cor1 (1:4,000), Qcr2 (1:4,000), Atp1 (1:4,000),
and Atp2 (1:4,000), and mouse polyclonal antibody against Rip1 (1:4,000) were used to detect

potential Coq10-interacting proteins in the eluates.
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woa) Ty T CL FT W, W, W, W, W; W, E, E, E; E,

4 His;SUMO-Coq10Ne%

4 His-Ulpt
4 Coq10Mad0
4 His,SUMO

Figure 6. A representative purification scheme of Coq10"**°. Each lane contains 5 pL of
each fraction, labeled as Ty, uninduced; T, overnight induction; CL, crude lysate; FT, flow
through; W, wash; E, eluate, separated on 12% SDS-PAGE. The gel was subsequently stained

with Coomassie and destained for visualization.
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Figure 7. ESI FTICR MS spectrum of intact HissSUMO-Coq10"**® suggests possible post-
translational modification of the fusion protein. A) ESI FTICR MS spectrum of HisgSUMO-

Coq10"** indicates the presence of two molecular species. The asterisk denotes a molecular

ion with +178 Da mass shift. B) The deconvoluted ESI spectrum shows a predominant peak

with monoisotopic mass of 33846.41299 Da, and a second peak of 34024.46053 Da.
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Figure 8. The yeast coq24Acoq9A and coq2Acoq10A double deletion mutants are rescued
by exogenous supplementation of CoQs. The growth as indicated by ODggo of wild type,
cor1A, coq2A, coq94, coq10A, coq2Acoq94, and coq2Acoq10A in YPG, with or without 12.5
MM CoQg, was followed for seven days at 30°C 250 rpm. Respiration-dependent growth of
coq24, coq9A, coq10A single mutants, and coqg2Acoq94 and coq2Acoq10A double mutants
was rescued by supplementation of CoQg. The cor1A mutant was included as a negative control

and was respiratory deficient even with the supplementation of CoQg.
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Figure 9. The coqAcoq10A double deletion mutants appear to rescue coq70A single
mutant growth phenotype at non-permissive temperature. Overnight cultures of wild-type
W303, coq1A-coq10A single deletion mutants, and cogAcoq10A double deletion mutants
grown in YPD were diluted to 0.2 ODgoo/mL, from which a series of five-fold diluted samples
were prepared. Beginning with the sample at 0.2 ODgoo/mL, an aliquot of 2 uL of series of five-
fold diluted samples was plated in each spot on YPD. Pictures were taken two days after

incubation at permissive 30°C, or at non-permissive 37°C.
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