UCLA

UCLA Electronic Theses and Dissertations

Title

Characterization of the novel coenzyme Q biosynthetic polypeptide Coqll, and other
proteins involved in the production and regulation of Q6

Permalink
https://escholarship.org/uc/item/5dk5v7x2
Author

Bradley, Michelle Celine

Publication Date
2020

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5dk5v7x2
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Characterization of the novel coenzyme Q biosynthetic polypeptide Coql1, and other proteins

involved in the production and regulation of Qe

A dissertation submitted in partial satisfaction of the

requirements for the degree of Doctor of Philosophy

in Biochemistry, Molecular and Structural Biology

by

Michelle Celine Bradley

2020






ABSTRACT OF THE DISSERTATION

Characterization of the novel coenzyme Q biosynthetic protein Coql1, and other proteins

involved in the production and regulation of Qe

by

Michelle Celine Bradley

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology
University of California, Los Angeles, 2020

Professor Catherine F. Clarke, Chair

Coenzyme Q (ubiquinone or Q,) is a benzoquinone lipid of varying isoprenoid tail
length ‘n’, with essential functions within the respiratory electron transport chain and in cellular
antioxidant defense. Several Coq polypeptides coordinate to drive the biosynthesis of Q, at the
inner mitochondrial membrane, and are organized into a high-molecular weight complex known
as the ‘CoQ synthome’, Absence of individual Coq enzymes results in decreased content of Q,
and other Coq proteins, in addition to destabilization of the CoQ synthome. Patients with partial
defects in Qo biosynthesis suffer from a variety of debilitating diseases. Therefore, the studies
outlined here seek to produce a more comprehensive understanding of the Q, biosynthetic
pathway, allowing for more targeted therapeutic strategies. This work employs Saccharomyces

cerevisiae as amodel organism due to the high level of COQ gene functional conservation between
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yeast and humans. In S. cerevisiae, Coql1 was recently identified to associate with members of
the CoQ synthome, and was required for efficient de novo Qg biosynthesis. The function of Coql1
remains uncharacterized.

Chapter 1 provides an overview of the coenzyme Q biosynthetic pathway in both humans
and yeast, while highlighting the identification of Coql1 as a novel member of the CoQ synthome.
Chapter 2 explores the functional relationship between Coql1 and Coql0, which have evolved as
protein fusions in several fungal genomes. Data collected with help from Dr. Roland Stocker’s
laboratory, Dr. Mario Barros, and Jenny Ngo from Dr. Orian Shirai’s laboratory, has demonstrated
that the coql0A mutant respiratory deficiency, sensitivity to lipid peroxidation, and low de novo
Qg biosynthesis is rescued by deletion of COQ1 1. Further, yeast lacking COQ11 have increased
expression of several Coq proteins and a stabilized CoQ synthome. These results indicate that
Coqll may serve as a modulator of Qg biosynthesis. Chapter 3 outlines additional experimental
characterization towards understanding the role of Coql1 within the Qs biosynthetic pathway.
With assistance from Dr. Lukas Susac from the laboratory of Professor Juli Feigon, various
strategies for Coql1 purification have been documented, with some showing promise for future
purification attempts. We have also revealed that Coql1 deletion in combination with deletion of
two phenylacrylic acid decarboxylases, Padl and Fdcl, fails to effect Qs biosynthesis. In
collaboration with Dr. Mario Barros, several Coql1 overexpression vectors have been constructed
and evaluated for their ability to restore Qs biosynthesis in the coq/ /A mutant. The data reveal that
yeast does not tolerate Coqll overexpression from the majority of constructs, suggesting that
Coqll is a negative regulator of Qs biosynthesis. In Chapter 4, two novel
phosphatidylethanolamine methyltransferase deletion mutants, cho2 and opi3, were identified to

have significantly higher Q¢ compared to wild type. Dr. Anita Ayer from the Stocker laboratory
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conducted a preliminary large-scale screen of the S. cerevisiae diploid homozygous knockout
library for mutants displaying altered Qe content. With help from Dr. Lucia Fernandez-del-Rio,
we confirmed that the cho2A and opi3A mutants have increased Qg as well as a stabilized CoQ
synthome, despite retaining wild-type amounts of Coq proteins. Finally, Appendices I-VIII contain
previous publications that detail various aspects of coenzyme Q characterization in several
organisms, in addition to a methods paper regarding the detection of protein-protein interaction
networks. Together, this work provides novel insights regarding the biosynthesis, cellular

functions, and regulation of coenzyme Q.
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CHAPTER 1

Coenzyme Q: Function, Biosynthesis, and Regulation



COENZYME Q INTRODUCTION

Coenzyme Q (ubiquinone or Q) is a small lipid biomolecule comprised of a fully-
substituted benzoquinone ring attached to a polyisoprenyl side-chain. This crucial molecule is
found in all eukaryotes and a-, B-, and y-proteobacteria (1). Importantly, the Q, benzoquinone
ring is redox-active and is capable of carrying two electrons and protons in a reversible set of
reactions; the fully oxidized Q, accepts one election and one proton to produce the stable
ubisemiquinone radical species (Q,H"), which subsequently accepts a second proton and electron
to form the fully reduced ubiquinol (Q,H>) (2). The hydrophobic side-chain anchors Q, at the
mid-plane of phospholipid bilayers within cellular membranes, where it is able to diffuse freely
(2). While the benzoquinone ring is conserved, there is some variation in the length of the
polyisprenoid group ‘n’ between species: six isoprenyl-units in Saccharomyces cerevisiae (Qg),
Qg in Escherichia coli, a combination of Qg and Qo in mice, and Qo in humans (3). Previous
studies have demonstrated that Qs-Q;90 may complement the function of Qg in E. coli (4,5),
however, organisms do appear to have a preference towards their endogenous Q, species (5,6).

The major function of Q, is to serve as a mobile electron carrier inside the plasma
membrane during respiratory electron transport (2,3,7). This electron transport process occurs at
the inner mitochondrial membrane in eukaryotes and in prokaryotic plasma membranes (8).
In eukaryotes, Q, accepts electrons from NADH or succinate via complex I or complex II,
respectively, and donates them to cytochrome c¢ at complex III (cytochrome bc; complex)
through the protonmotive Q cycle (8,9). Each Q cycle results in the oxidation of Q,H,, reduction
of two molecules of cytochrome ¢, and consumption of two protons on the negative side of the
membrane, to result in the efficient transport of four protons to the positive side of the membrane

(8). S. cerevisiae lacks complex I and alternatively uses internal and external NADH:ubiquinone



oxidoreduactases which, unlike complex I, do not generate a proton gradient (10). These
complexes include Ndel and Nde2 mitochondrial NADH dehydrogenases that act on the
cytosolic side of the inner mitochondrial membrane, as well as Ndil that oxidizes NADH at the
matrix side of the inner membrane (11).

The QH» reduced hydroquinone also serves as an important chain-breaking antioxidant
shown to alleviate lipid peroxidative damage and regenerate alpha-tocopherol (vitamin E) (12).
In fact, Q,H> is the only lipid soluble antioxidant species synthesized endogenously (13). Yeast
lacking Q,H, are extremely sensitive to oxidative damage driven by exogenously added
polyunsaturated fatty acids (PUFAs) (14-16), due to the loss of Q,H> antioxidant protection (13).
This effect is alleviated by site-specific reinforcement at bis-allylic hydrogen atoms with
deuterium atoms (14,17).

A high Q,H,/Q, ratio initiates reverse electron transport (RET) from complex II to
complex I under physiological conditions in both Drosophila and mammalian cells in culture
(18,19). Superoxide and secondary reactive species produced via complex I RET induced by
high Q,H,, extended Drosophila lifespan and improved mitochondrial function in Parkinson’s
disease models (19).

The role of Q, in electron transport is similarly fundamental for other pathways,
including pyrimidine biosynthesis, and the oxidation of sulfide, proline, fatty acids, and
branched-chain amino acids (9,20,21). Previous work has demonstrated that Q,, inhibits
apoptosis independently from its role in radical scavenging, by preventing the opening of the
mitochondrial permeability transition pore, thus inhibiting mitochondrial depolarization (22).
Several studies have also suggested that Q,, may act as a cofactor for fatty acid-dependent proton

transport by uncoupling proteins (23,24), and has an inducible effect on several genes that play



significant roles in the immune system inflammatory response (25). Additionally, Q,, is
associated with an ever-increasing number of functions in other important metabolic processes
including regulating the amount of integrins on the surface of monocytes and modulating

physiochemical properties of cellular membranes (26).

OVERVIEW OF COENZYME Q BIOSYNTHESIS

While Q, is found in all cellular membranes, the biosynthesis of Q, occurs selectively
within the mitochondria (2). The polyisoprenoid side-chain of Q, is synthesized from the
precursors isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which
are generated from mevalonate in eukaryotes and 1-deoxy-D-xylulose-5-phosphate in
prokaryotes (2,3,27). Elongation of the ployisopreoid tail occurs when IPP and DMAPP
enzymatically condense via a head-to-tail reaction to form hexaprenyl diphosphate in yeast and
decaprenyl diphosphate in humans (2). The major aromatic precursor compound for the Q,
benzoquinone head group is 4-hydroxybenzoic acid (4HB), produced from tyrosine in mammals,
chorismate in E. coli, and both tyrosine and chorismate in yeast (28-30). Several other
compounds including para-coumarate, resveratrol, vanillic acid, 3,4-diHB, and kaempferol have
also been identified as efficient Q, precursors (31-33). An additional ring precursor, para-
aminobenzoic acid (pABA), is used in S. cerevisiae Q¢ biosynthesis but is not employed in
humans or mice or E. coli (28).

S. cerevisiae is a useful model for studies of Q, biosynthesis because yeast retain the
ability to survive through fermentation metabolism in the absence of Qg (34). Previous studies
have demonstrated that most yeast cog mutants are rescued by expression of their corresponding

human homolog (2), indicating a high degree of functional conservation between yeast and



humans. In S. cerevisiae, fourteen mitochondrial proteins are required for efficient Qg
biosynthesis: Coql-Coqll, Yahl, Arhl, and Hfd1 (17). YAHI and ARH1 are essential genes in
yeast that are required for iron—sulphur cluster and heme A biosynthesis (35-37). The Yahl and
Arhl polypeptides are additionally required for Qs production, serving as ferredoxin and
ferredoxin reductase, respectively (38). Hfdl is a mitochondrial outer membrane protein that
catalyzes the oxidation of 4-hydroxybenzaldehyde to 4HB during the early steps of Qg
biosynthesis (39,40). Deficiencies in Qg emanating from HFDI inactivation may be rescued by
exogenous 4HB supplementation (40). Yeast cogql-coq9 deletion mutants are Qg-less, resulting in
a subsequent failure to respire and grow on a non-fermentable carbon source (2,3). In contrast,
coq10 and coqll mutants still synthesize small amounts of Qg and retain the ability to grow on
respiratory medium (15,41,42).

COQI encodes a species specific hexaprenyl diphosphate synthase that assembles the
polyisoprenoid side-chain of Qg through the condensation of precursors DMAPP and IPP (43)
(Fig. 1). Submitochondrial fractionation studies demonstrated that Coql is peripherally
associated with the mitochondrial inner membrane on the matrix side (44). The coglA mutant is
rescued by polyprenyl diphosphate synthases from other organisms, and produces Q, isoforms
with varying tail lengths defined by the specific polyprenyl diphosphate synthase (4). In humans,
the Coql homologs PDSS1 and PDSS2 form a heterotetramer essential for enzymatic activity
and synthesis of the decaprenyl diphosphate side-chain for Q;¢ biosynthesis (45). Clinical
phenotypes associated with partial defects in either PDSS1 and PDSS2 include mitochondrial
oxidative phosphorylation disorders such as Leigh Syndrome (46).

Transfer of the polyisoprenoid side-chain to the benzoquinone ring precursors is

catalyzed by the 4HB-polyprenyltrasferase, Coq2 (47), and produces 3-hexaprenyl-4-hydroxy



benzoic acid (HHB; Fig. 1). Coq2 is an integral membrane protein localized to the mitochondrial
inner membrane (48). Yeast cog3-coq9 null mutants, accumulate the early-stage hydrophobic
Qe-intermeadiate HHB (2,49). Expression of human COQ2 cDNA in coq2A cells successfully
restored Qg biosynthesis, demonstrating that Coq2 does not dictate the length of the polyprenyl
tail (50). Patients with heterozygous COQ?2 deficiency allowing residual amount of Qg
biosynthesis, present with steroid resistant nephrotic syndrome or adult onset encephalopathy,
however, homozygous COQ2 defects that fully prevent Q production manifest in more severe
disease pathology (51).

The functional roles of the Coq3, Coq5, Coq6, and Coq7 ring-modifying enzymes have
been studied widely and are largely defined. Yeast Coq3 is an S-adenosylmethionine (AdoMet,
SAM)-dependent O-methyltransferase enzyme that catalyzes the two O-methylation steps of Qs
biosynthesis (52,53). Coq3 binds SAM via four highly conserved structures typical of Class I
SAM-dependent methyltransferases, that form a seven-strand twisted B sheet (54). Fractionation
studies have determined that Coq3 is peripherally bound to the matrix-face of the inner
mitochondrial membrane (53). Because Coq3 is phosphorylated in a Coq8-dependent manner
(55), its molecular stability is dependent on Coq8 (48,56). Further, the low Cog4, Coq6, Coq7,
and Coq9 polypeptide levels of the cog3A mutant are increased upon Coq8 overexpression (48).
Expression of human COQ3 in cog3A yeast partially rescued Qs biosynthesis and restored
growth on a non-fermentable carbon source (57); no mutations within the COQ3 open reading
frame are known to cause primary human Qo deficiency. Analogous to Coq3, yeast Coq5 is
peripherally associated with the matrix-side of the mitochondrial inner membrane (58), and is
another SAM-dependent methyltransferase required for the Qs biosynthesis C-methylation step

(34,59). The structure of yeast Coq5 has a characteristic seven [-strand Class I SAM



methyltransferase motif (60). Overexpression of Coq8 in the cog5A mutant restores Cog4, Coq7,
Coq9 polypeptide amounts to those of wild type (48,61), and there is evidence that
phosphorylation of Cogq5 may be dependent on Cog8 (55). Interestingly, expression of human
COQ5 was only successful in rescuing Qg biosynthesis of the cog5 point mutants and cog5A
overexpressing Coq8, but failed to have an effect on the cog5A mutant (62). Partial loss of COQ5
function was recently determined to be the causal mutation for Q;¢ deficiencies in several
patients presenting with cerebellar ataxia of varying severity (63).

Yeast Coq6 is a flavin-dependent monooxygenase with consensus sequences for ADP,
FAD, NAD(P)H, and ribityl binding (64). Consistent with enzymatic studies demonstrating that
Coqb is responsible for the hydroxylation of HHB and HAB at the C5 position on the ring, Coq6
co-purifies with a tightly bound FAD (65). Additionally, Coq6 is necessary for the C4-
deamination reaction when pABA is used as a ring precursor for Qg biosynthesis (66). The
hydroxylation reactions catalyzed by Coq6 are dependent on Yahl and Arhl, ferredoxin and
ferredoxin reductase, which serve as an electron source for the monooxygenase reaction (38).
The Coq6 protein is peripherally bound to the inner mitochondrial membrane facing the matrix
(64). Human COQ6 expression complements the S. cerevisiae cog6A mutant (32,67), and
patients with COQ6 deficiencies have progressive nephrotic syndrome and deafness clinical
phenotypes (67). Vanillic acid restored ATP production and Qo biosynthesis in human cellular
models of COQ6 deficiency (68), while 2,4-dihydroxybenzoic acid (2,4-diHB) treatment
prevented Coq6 related disease progression in mice (69). This is surprising because 2,4-diHB
was previously known to bypass COQ7 deficiencies (70).

The enzymatic hydroxylase activity of Coq7 was first illustrated in the observation that

the coq7 point mutant accumulated DMQg (71). Structure modeling predicted Coq7 to be a di-



iron carboxylate protein, with a highly conserved four-helix bundle and a fifth helix facilitating
Coq7 interfacial inner mitochondrial membrane association (48,72). The activity of Coq7 is
mediated by Coq8-dependent phosphorylation (41,61); moreover, Coq7 phosphorylation status
may be a regulator of respiratory-induced Qs biosynthesis (73). Expression of human COQ7
recovered Qg biosynthesis in coq7A yeast (74), validating it as a Coq7 functional ortholog.
Primary Qo deficiency resulting from COQ?7 mutations manifests in a range of metabolic
diseases that can benefit from treatment with 2,4-diHB, a 4HB analog that bypasses the COQ7-
dependent hydroxylase step (75,76).

In contrast to the aforementioned Coq proteins, the responsibility of Coq4, Coqg8, Coq9,
and Coql0 within the Qs biosynthetic pathway is somewhat less clear. No enzymatic function
has thus far been ascribed to Coq4, yet the cog4A mutant lacks detectable Qs and accumulates
early-stage Qs-intermeadiates (77). The Cog4 polypeptide is peripherally associated with the
matrix side of the mitochondrial inner membrane and is required for Qs biosynthesis (77). Coq4
possess a bound geranylgeranyl monophosphate (78), suggesting that the function of Cog4 may
be to bind the polyisoprenoid side-chain of Qg-intermeadiates. Additionally, the structure
contains a conserved HDxxHxo_13E putative zinc-binding motif, with a bound magnesium ion in
close proximity to the phosphate head group (78,79). It is believed that Coq4 binds Qe-
intermediates and serves as a scaffold protein, effective in organizing several other Coq proteins
(48,79). Human COQ4 was demonstrated to have conserved function with yeast Cog4 (80).
Homozygous recessive COQ4 mutant alleles were shown to drive early-onset mitochondrial
diseases with debilitating phenotypes in patients (81), and intriguingly COQ4 haploinsufficiency

also resulted in Q;¢ deficiency (82).



Yeast COQS is a putative kinase that belongs to the ancient atypical kinase family (83),
and harbors six of the twelve motifs present in canonical protein kinases (84). These proteins are
capable of autophosphorylation and have a strong preference for ADP as phosphate group source
(85). The phosphorylation state of Coq3, Coq5, and Coq7 is dependent on Coq8, which is
similarly localized to the matrix side of the inner mitochondrial membrane (55). Expression of
the human homolog of Cog8, COQ8A (ADCK3) or COQ8B (ADCK4) efficiently restored Qg
biosynthesis, and COQ8A expression additional rescued phosphorylation of the aforementioned
Coq polypeptides (55,86). Interestingly, COQ8A exhibits ATPase activity, rather than protein
kinase activity, that is enhanced by small-molecule Qg-intermediate mimetics and cardiolipin
(87,88). It is thus tempting to speculate that yeast Coq8 and its homologs may work as
chaperones to allow for the extraction of Qs-intermediates from the membrane and into the
aqueous matrix, to facilitate de novo Q, biosynthesis (88). Diseases correlated with mutated
COQ84 include childhood-onset cerebellar ataxia (84,89), and COQS8B associated steroid-
resistant nephrotic disease (86,90).

The Coq9 protein in S. cerevisiae is peripherally associated with the matrix-face of the
inner mitochondrial membrane, where it was identified as necessary for Qg biosynthesis (48).
Yeast cog9A accumulates the early-stage Qg-intermediate HHB (49). Further, the presence of
Coq9 is necessary for the removal of the amino substituent at carbon 4 on Qg biosynthetic
intermediate when pABA is provided as the ring precursor (91). The deamination also depends
on the function of Coq6 hydroxylase activity; both cog9 mutants, and cog6A overexpressing
COQ8, accumulate 3-hexaprenyl-4-aminophenol (4-AP) (61). Coq9 is also required for Coq7
hydroxylase activity (92). Taken together, these results demonstrate that Coq9 plays a supportive

role for the hydroxylation steps catalyzed by Coq6 and Coq7. Human COQ9 has been effective



in the rescue of coq9 temperature sensitive point mutants (93), yet thus far has not been shown to
restore Qg biosynthesis in cog9A yeast (94,95).

Similar to Cog4, Cog8, and Coq9, the specific function of the Coql0 polypeptide remains
undefined. Yeast coql0A is unique among the Qs-less coql-coq9 mutants, because it synthesizes
near wild-type amounts of Qg in stationary phase, yet produces Qg less efficiently during log
phase growth (42,96). However, the cogl0A mutant is respiratory deficient and has decreased
NADH and succinate oxidase activities, and displays sickly, translating to anemic growth on
respiratory medium (15,42,97). Cells lacking COQ10 are particularly to lipid peroxidation
initiated by exogenously supplemented polyunsaturated fatty acids (PUFAs), indicating that
Coq10 is also required for antioxidant protection by Qe (96,97). The Coq10 polypeptide contains
a steroidogenic acute regulatory (StAR)-related lipid transfer (StART) domain, shown to bind Qg
and late-stage Qg-intermediates both in vitro and in vivo via its hydrophobic tunnel
(42,96,98,99). Therefore, it is likely that Coql0 acts as a lipid chaperone delivering Qs from its
site of synthesis to where Qg functions as an antioxidant and to the respiratory complexes (96).
Human COQI10A and COQI0OB were unable to rescue Qg biosynthesis in coql0OA yeast,
however, expression of either mammalian homolog did restore mutant respiration on a
nonfermentable carbon source and sensitivity to PUFA induced oxidative stress (97). There are

currently no known disease phenotypes attributed to either COQ10A or COQ10B dysfunction.

FORMATION OF A ‘COQ SYNTHOME’ IS REQUIRED FOR Q BIOSYNTHESIS
Several genetic and biochemical analyses have determined that Coq3-Coq9, and Coqll,
organize into a multi-subunit high molecular weight complex termed the ‘CoQ synthome’, that is

required for Qg biosynthesis (41,79,100,101). Specifically, gel filtration chromatography and

10



two-dimensional Blue Native/SDS-PAGE investigations have presented evidence of high
molecular weight migration of several Coq proteins (2). Co-immunoprecipitation experiments
revealed direct interaction between numerous Coq polypeptides; biotinylated Coq3 co-purified
with Cog4, and HA-tagged Coq9 co-precipitated Cog4, Coq5, Coq6, and Coq7 (100,101). Coql
and Cog2 have not yet been identified to associate with the CoQ synthome component
polypeptides. Nevertheless, polyisoprenylated Qs-intermediates produced by Coql and Coq2
appear to be important for CoQ synthome formation and/or stabilization (48).

Experimental evidence suggests that polyisoprenylated Qs-intermediates, in addition to
Qg itself, directly interact with the CoQ synthome (9). Size exclusion chromatography of
digitionin treated mitochondrial extracts showed that the late-stage Qs-intermediate DMQg co-
eluted with Coq3 O-methyltransferase activity and high molecular mass Coq polypeptide sub-
complexes (100).

In yeast cog7A mutants, addition of exogenous Qe to growth medium increased the
steady-state levels of the Coq3 and Cog4 polypeptides and restored DMQg synthesis (102).
Overexpression of Coq8, shown to restore Coq proteins and CoQ synthome formation in some of
the other coq null mutants (48,55,61), had no effect on cogl/A and cog2A yeast, which fail to
produce polyisoprenylated ring intermediates (61). This data implies that the presence of Qs and
other Q¢-intermediates are crucial for Coq protein and CoQ synthome stability.

Deletion of S. cerevisiae COQ1-COQ10 genes that are essential for Qs biosynthesis leads
to destabilization of various other Coq polypeptides may result in CoQ synthome destabilization
(101,103). Alternatively, coglIA yeast display increased protein amounts of Coq4, Coq6, Coq7,
and Coq9, ultimately driving stabilization of the CoQ synthome (15). Two recent studies using in

vivo visualization of tagged yeast Coq proteins indicated that the several Coq polypeptides
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colocalize into discrete ‘CoQ domains’ at the inner mitochondrial membrane (103,104). The
presence of these CoQ domains is contingent upon proper formation of the CoQ synthome (103).
Mitochondria isolated from yeast lacking components of the CoQ synthome, cog3-coq9, and
additionally the coql0A mutant, have a reduced number of CoQ domain puncta (103,104). This
is driven by lower levels of specific Coq polypeptides and partial CoQ synthome destabilization
in these mutants (2,48,96,97). The CoQ synthome is additionally required for the generation of
ER-mitochondrial contact sites mediated by the ER-mitochondrial encounter structure (ERMES)
complex (103,104). The ERMES complex mediates lipid trafficking between the ER and
mitochondria (105). In fact, cells lacking ERMES proteins have dysfunctional Qs cellular
distribution and a destabilized CoQ synthome (104). Experimental evidence has ultimately
suggested that Qg circulation from the mitochondria to other organelles relies on CoQ synthome

positioning next to the ERMES complex (104).

IDENTIFICATION OF A PUTATIVE COENZYME Q MODULATOR

Recently, a protein of unknown function encoded by the open reading frame YLR290C
was identified to co-purify with Coq5, Coq7, and Coq9, as well as Q¢ and late-stage Qq-
intermediates (41). Yeast lacking y/r290c maintained respiratory growth on non-fermentable
medium, despite producing significantly less de novo Qs compared to wild type (41). Taken
together, this data indicated that YLR290C was a novel Coq protein, and it was therefore
renamed ‘Coql1’. Yeast Coqll is a member of the short-chain dehydrogenase/reductase (SDR)
superfamily of NAD(P)(H) dependent oxidoreductases (41,106). SDR superfamily proteins
possess a conserved Rossmann fold, employed in the binding of nucleotide cofactors such as

FAD, FMN, and NAD(P) (107). This enzyme class catalyzes various reactions including
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isomerization, decarboxylation, epimerization, imine reduction, and carbonyl-alcohol
oxidoreduction (106). Crystal structures revealed that enzymes containing Rossmann fold
domains in both Escherichia coli and Pseudomonas aeruginosa catalyze FMN-dependent
decarboxylation reactions in the species respective Q, biosynthetic pathways (108). The
decarboxylation step in S. cerevisiae Qg biosynthesis remains uncharacterized at present. These
data have prompted speculation that Coql1 may use its Rossmann fold in conjunction with a
nucleotide cofactor to perform similar redox chemistry in S. cerevisiae Qg biosynthesis.

In various fungi, Coqll and Coql0 were found as protein fusions (41), indicating that
Coql1 and Coql0 may be involved in the same biochemical pathway or physically interact
(109). We have demonstrated that coq/0OA mutant phenotypes of respiratory deficiency,
decreased Qs biosynthesis, and sensitivity to exogenous PUFA treatment, are rescued by deletion
of COQI1 (15). Additionally, coglIA yeast accumulated increased amounts of certain Coq
polypeptides, and the destabilized Coq proteins in the cogl/0A mutant were restored in a
coql0AcoglIA double mutant (15). The cogllA mutant conferred a stabilized CoQ synthome
(15), and displayed increased CoQ domain intensity, although the total number of domains was
comparable to wild type (103). These observations have led to the hypothesis that Coqll is
involved with modulation of Qs biosynthesis; perhaps Coqll is serving as a control point Qg
production, catalyzing the transition between Qs redox states or simply acting in tandem with
Coq10 to facilitate the transportation of Qs and Qs-intermediates.

The closest human homolog of S. cerevisiae Coqll is NUDUFA9 (41)—an SDR
subfamily protein, and an auxiliary subunit of complex I in humans (110,111). Genetic
knockouts using Transcription Activator-like Effector Nucleases (TALENs) revealed that

NDUFADO is important for stabilization of the junction between the matrix and membrane arms of
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complex I (112). Disruption of proteins involved in complex I formation disrupts respiratory
electron transport (113,114), and perhaps Qo biosynthesis as well. Patients with decreased levels
of NDUFAY are unable to assemble complex I properly and may develop a degenerative infancy
respiratory disorder, known as Leigh syndrome (115,116). Although yeast do not possess
complex I, it would be interesting to determine whether Coql1 localizes to yeast respiratory
complexes in a similar manner to NDUFA9. The present work investigates various aspects of

Coql1, towards understanding its role in the Qg biosynthetic pathway.

14



FIGURES

Coqb
Yaht H4CO.
Coq2 A h1 Coq3 Cog5s Coq7 Coq3
coQz, C003
COQS
HyCO R HyCO 0%, co °°°7 | com

COOH

DMQH, CanHz
E sl E E (Ii /\)\ ﬁ ﬁ /\/K o
g 0’| o -~ o o NN ) o oo Y
o o n PDSS1 o o Lol o

PDSS2
polyisoprenyl PP H DMAPP PP HaCO. CH,
;Coqﬁ
{ Yah1
‘Arh1
HyCO R
COOH OH o
Coqb o
Yah1 CHy
_Com2 ™y H A Coq3 _Cows CoQ,
coos
coq2 coaa
Q R HyCO R COQS5 y.co R
NH,

PABA

Figure 1. The coenzyme Q biosynthetic pathway within S. cerevisiae and humans. Figure is
adapted from Ref. (2). At least fourteen known proteins are required to drive Qg biosynthesis in
S. cerevisiae (Coql-Coqll, Yahl, Arhl, and Hfdl), and the corresponding human genes are
denoted below each arrow (2). A polyprenyl diphosphate is generated by a polyprenyl
diphosphate synthase (Coql, or PDSS1/PDSS2) using the precursors isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP). The isoprenoid side-chain is attached to an
aromatic ring precursor by Coq2 or COQ2. Both yeast and human use 4-hydroxybenzoic acid
(4HB) as a ring precursor (intermediates emanating from blue text) (3), while yeast additionally
may utilize para-aminobenzoic acid (pABA) as an alternative ring precursor (red text) (117).
Several Coq proteins (Coq6/COQ6, Coq3/COQ3, Coq5/COQS, and Coq7/COQ7) decorate the
Qe¢/10 benzene ring to form the final product. Additional Coq proteins (Coq4/COQ4,
Coq8/ADCK3+ADCK4, Co0q9/COQ9, Coql0/COQI0A+COQ10B, and Coqll/?) may not
directly catalyze an enzymatic step but are still required for efficient Q19 biosynthesis. The steps

donated “???” are not yet attributed to a particular protein.
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Coenzyme Q (Q,,) is a vital lipid component of the electron
transport chain that functions in cellular energy metabolism
and as a membrane antioxidant. In the yeast Saccharomyces
cerevisiae, cogl-cog9 deletion mutants are respiratory-incom-
petent, sensitive to lipid peroxidation stress, and unable to syn-
thesize Q. The yeast cog10 deletion mutant is also respiratory-
deficient and sensitive to lipid peroxidation, yet it continues to
produce Qg at an impaired rate. Thus, Coq10 is required for the
function of Qg in respiration and as an antioxidant and is
believed to chaperone Q4 from its site of synthesis to the
respiratory complexes. In several fungi, Coq10 is encoded as a
fusion polypeptide with Coql1, a recently identified protein
of unknown function required for efficient Q4 biosynthesis.
Because “fused” proteins are often involved in similar biochem-
ical pathways, here we examined the putative functional rela-
tionship between Coq10 and Coql1 in yeast. We used plate
growth and Seahorse assays and LC-MS/MS analysis to show
that COQ11 deletion rescues respiratory deficiency, sensitivity
to lipid peroxidation, and decreased Qg biosynthesis of the
cog10A mutant. Additionally, immunoblotting indicated that
yeast cog1IA mutants accumulate increased amounts of certain
Coq polypeptides and display a stabilized CoQ synthome. These
effects suggest that Coqll modulates Qg biosynthesis and
that its absence increases mitochondrial Qg content in the
coq10Acoq11A double mutant. This augmented mitochondrial
Qg content counteracts the respiratory deficiency and lipid per-
oxidation sensitivity phenotypes of the cogZ0A mutant. This
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study further clarifies the intricate connection between Qg bio-
synthesis, trafficking, and function in mitochondrial metabolism.

Coenzyme Q (ubiquinone or Q)? is a benzoquinone lipid that
functions as an essential electron carrier within the electron
transport chain (1). Because of its redox activities, Q is a versa-
tile electron acceptor in biological pathways such as cellular
respiration, oxidation of proline and sulfide, fatty acid g-oxida-
tion, and pyrimidine biosynthesis (1-3). The reduced hydro-
quinone form of Q (ubiquinol or QH,) also serves as an impor-
tant chain-breaking antioxidant shown to alleviate lipid
peroxidative damage in cellular membranes (4).

For proper functional localization, Q relies on its polyiso-
prenoid tail to remain anchored at the mid-plane of phospho-
lipid bilayers. The number of isoprene units (#) that comprise
the polyisoprenoid tail of Q,, depends on a species-specific
polyprenyl diphosphate synthase (5), with Q, , representing the
major isoform in humans (6). Patients unable to produce
adequate levels of Q,, display a wide variety of health issues that
stem from mitochondrial dysfunction across tissues (7).
Attempts to ameliorate the consequences of primary Q, , defi-
ciency by early Q,, supplementation have been partially suc-
cessful in some cases (8); however, many patients fail to dem-
onstrate full recovery, which is related to inefficient uptake of
orally-supplied Q, . Because of the striking homology between
human COQ genes and those of Saccharomyces cerevisiae (7,9),
studies of Qg biosynthesis in S. cerevisiae may provide insight

2The abbreviations used are: Q, ubiquinone; DMQ, demethoxy-Q; HHB,
3-hexaprenyl-4-hydroxybenzoic acid; Q,, coenzyme Q,, (where n desig-
nates the number of isoprene units in the polyisoprenyltail); QH,, reduced
coenzyme Q orubiquinol; ORF, openreading frame; ER, endoplasmic retic-
ulum; MIOREX complex, mitochondrial organization of gene expression
complex; IMS, intermembrane space; OCR, oxygen consumption rate;
FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; PUFA, poly-
unsaturated fatty acid; qPCR, quantitative real-time PCR; ERMES, ER-mito-
chondrial encounter structure; START, steroidogenic acute regulatory
protein—related lipid transfer; BisTris, 2-[bis(2-hydroxyethyhamino]-2-(hy-
droxymethyl)propane-1,3-diol; SDR, short-chain dehydrogenase/reductase;
2D-BN/SDS-PAGE, two-dimensional blue native/SDS-PAGE; DOD, drop-
out dextrose; SD, synthetic dextrose; 1cCOQT1, low-copy COQTT; RET,
reverse electron transport; P, pellet; S, supernatant.
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Coq 10 knockout phenotypes are rescued by deletion of COQ11

into human Q,, biosynthesis, leading to the discovery of poten-
tial therapeutic targets.

In S. cerevisiae, at least 14 nuclear-encoded mitochondrial
proteins (Coql-Coqll, Yahl, Arhl, and Hfd1) drive Qg bio-
synthesis (7, 9). Many Coq polypeptides (Coq3—Coq9, and
Coqll) are localized to the matrix side of the mitochondrial
inner membrane, where they organize into a high-molecular-
weight multisubunit complex known as the “CoQ synthome”
(7,9). Several lines of evidence suggest that correct assembly of
the CoQ synthome is necessary for efficient Qg biosynthesis
(9-12). In fact, deletion of certain COQ genes results in
decreased levels of other Coq polypeptidesand contributes to a
destabilized CoQ synthome in these mutants (12, 13). Recently,
a protein of unknown function encoded by the ORF YLR290C
was identified to associate with the CoQ synthome, via pro-
teomic analysis of tandem affinity-purified tagged Coq proteins
(14). YLR290C copurified with Coq5, Coq7, and Coq9, in addi-
tion to Qg and late-stage Qg-intermediates (14). Furthermore,
the yIr290cA mutant exhibited impaired de novo Qg biosynthe-
sis, despite preserving growth on a nonfermentable carbon
source (14). Given its effects on Qg biosynthesis and involve-
ment with the CoQ synthome, YLR290C was renamed Coql1
(14).

In several fungi, Coqll and Coql0O have evolved as fusion
proteins (14), suggesting that Coq11 may have a functional rela-
tionship with Coql0 (15). High-throughput genetic analyses
found COQI11 to correlate with both COQ2 and COQ10 (16).
Whereas the cog mutants generally lack Qg, the cogZ0A mutant
is different because it produces near WT amounts of Qg in
stationary phase and only has decreased de novo Qg biosynthe-
sis in log phase (17, 18). Although Q¢ biosynthesis is only min-
imally decreased in the absence of COQ10, the cogl0OA mutant
has decreased NADH and succinate oxidase activity and dis-
played sickly growth on respiratory medium (18). The cogl0A
mutant is sensitive to lipid peroxidation initiated by exoge-
nously supplemented polyunsaturated fatty acids (PUFAs),
indicating that the Coql0 polypeptide is also required for anti-
oxidant protection by Qg (17, 19).

The NMR structure of a Coq10 orthologin Caulobacter cres-
centus was shown to possess a steroidogenic acute regulatory
protein—related lipid transfer (START) domain (20) that can
directly bind Q and late-stage Q-intermediates (17). Purified
Coql0 from either S. cerevisiae or Schizosaccharomyces pombe
eluted with the respective species’ Q isoform (18, 21). This
observation has prompted speculation that Coql0 acts as a Qg
chaperone protein required for delivery of Qg from its synthesis
site to sites where Q. functions as an antioxidant and to the
respiratory complexes, thereby bridging efficient de novo Qg
biosynthesis with respiration (17). Recent studies have shown a
spatial compartmentalization of the mitochondrial inner mem-
brane with the identification of different sites, such as the inner
boundary membrane, the cristae membrane, and the ER-mito-
chondrial contact sites (22-25). Thus, for optimal respiratory
competence, newly-synthesized Qg must move from its site of
synthesis (i.e. the ER-mitochondrial contact sites (23, 24)) tothe
cristae membrane where the respiratory complexes are concen-
trated (22). The presence of Coql0—Coqll fusions in fungal
species indicates that Coql1l may have a functional association

with the Coql0 chaperone to facilitate or regulate Qg transport
for respiration in yeast.

In this work, the functional relationship between Coql0 and
Coqll was investigated using a series of single- and double-
knockout mutants. Deletion of COQI11 alleviated the coglOA
respiratory defect, increased Coq polypeptides and CoQ syn-
thome stability, and partially rescued Qg production. Based on
this evidence, we propose a novel function for Coqll as a neg-
ative modulator of Qg biosynthesis in the mitochondria.

Results

Coq10 and Coq11 reside in similar compartments within the
mitochondria

Previous phylogenetic analyses of numerous fungi revealed
that Coqll-like proteins are fused to CoqlO (14). Protein
fusions often indicate a functional relationship between corre-
sponding homologs in other organisms, such as direct protein—
protein interaction or operation within the same biological
pathway (15). Although Coql0 and Coqll are not physically
fused in yeast (Fig. 14), we sought to investigate whether there
is a functional link between the two proteins. Because protein
localization is often associated with function, we first per-
formed mitochondrial fractionation to localize both Coq10 and
Coql1. Coql0 has been localized previously (18), but fraction-
ation was re-performed here in the context of Coql1.

S. cerevisiae mitochondria were fractionated as described
under “Experimental procedures.” Purified mitochondria were
incubated in hypotonic buffer to disrupt the outer membrane
and release soluble components of the intermembrane space
(IMS). The inner membrane was kept intact following hypo-
tonic buffer treatment, protecting inner membrane and matrix
proteins. Analysis of the fractions via immunoblot suggested
that both Coql0and Coqll remained associated with the mito-
plast fraction as opposed to colocalizing with the IMS marker
cytochrome b,. Mitoplasts were further fractionated after son-
ication to separate soluble matrix components (supernatant, S)
from membrane components (pellet, P). The soluble matrix
marker Hsp60 was partially released into the supernatant by
sonication as demonstrated in earlier work (26). Although
Coqll remained associated with the membrane fraction,
Coql0 was partially dissociated in a similar manner to Hsp60
(Fig. 1B). Previous CoqlO colocalization following sonication
demonstrated that Coql0 was solely associated with the mem-
brane fraction (18). The detection of Coql0 in the supernatant
shown in Fig. 1B may be due to increased sensitivity of the
polyclonal antisera used in this study.

Alternatively, mitoplasts were subjected to alkaline carbon-
ate extraction to separate peripheral membrane components
(supernatant, S) from integral membrane and matrix compo-
nents (pellet, P) (27). Coql0 and Coql1 were released into the
supernatant following alkaline treatment (Fig. 1B), matching
the peripheral inner membrane marker Atp2 (28). There was
no colocalization with the pellet fraction, marked by the inte-
gral membrane protein Cyt, (29). These results indicate that
Coql0 and Coqll are both peripheral inner membrane pro-
teins, and Coq10 has additional localization to the matrix. The
localization of Coql0 to the inner membrane is consistent with
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Figure 1. Coq11 and Coq10 are peripherally associated with the mitochondrial inner membrane facing the matrix, and Coq10 is additionally found
in the mitochondrial matrix. A, Coq10 and Coq11 are fused in multiple fungi, suggesting an evolutionarily functional relationship between these proteins,
although they are not found fused in S. cerevisiae. B, S. cerevisiae mitochondria purified from yeast strains cultured on YPGal medium were subjected to
hypotonic swelling and centrifugation to separate the IMS proteins from mitoplasts. The mitoplasts were alkaline-treated (Na,CO5; pH 11.5) or sonicated and
then separated by centrifugation (100,000 X g for 1 h) into supernatant (S) or pellet (P) fractions. C, intact mitochondria or mitoplasts were treated with 100
pa/ml proteinase K for 30 min on ice, with or without detergent. Mitochondrial polypeptide markers are as follows: Atp2, peripheral inner membrane protein;
Cyb,, intermembrane space protein; Cyt,, integral inner membrane protein; and Hsp60, soluble matrix protein. Results are representative of two experiments.

its putative role as a START domain protein possessing a
hydrophobic cavity to bind and chaperone Qg from its site of
synthesis to complex III for respiration (17, 18). We hypothe-
size that dual mitochondrial matrix localization occurs when
Coq10 is tightly bound to protein partners to decrease its
hydrophobicity.

For better insight into the membrane association of Coq10
and Coqll, intact mitochondria or mitoplasts were treated
with proteinase K in the absence or presence of two individual
detergents (1% Triton X-100 or 0.5% SDS). Coql10 and Coql11
were both protected from protease treatment in purified mito-
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chondria and mitoplasts, as was the matrix marker Hsp60 (Fig.
1C). When protease was used in the presence of either deter-
gent in mitochondria or mitoplasts, all proteins became sensi-
tive to the protease and were degraded. Expanding on the sub-
fractionation results, these data indicate that Coql0 and Coql1
polypeptides are peripherally associated with the inner membrane
facing the matrix side in yeast mitochondria, and Coql0 is also
found in the mitochondrial matrix itself. The mitochondrial
peripheral membrane association of these two proteins is also in
agreement with their submitochondrial localization previously
identified in a study of the yeast mitochondrial proteome (30).



Table 1
Genotype and source of yeast strains

Strain Genotype Source
W303-1B MAT w ade2-1 his3-1,15 leu2-,112trpl-1 ura3-1 R. Rothstein®
BY4742 MAT a his3A0 leu2A0 met1SAQ ura3A0 53
M6 MAT a his-4 p° 68
M8 MAT w ade-1p° 68
BY4742 cogiIA MAT o his3A0 leu2A0 met1SAQ ura3A0 coql:KanMX4 69
BY4741 cog2A MAT a his3A0 leu2A0 met1SAOQ ura3A0 coq2: KanMX4 69
BY4742 cog3A MAT w hisBA0 leu2A0 met1SAQ ura3A0 cog3:KanMX4 69
BY4742 cog4A MAT « his3A0 leu2A0 met1SAQ ura3A0 coqd:KanMX4 69
BY4742 cogSA MAT w his3A0 leu2A0 met1SAQ ura3A0 cogS: KanMX4 69
BY4741 cog6A MAT a his3A0 leu2A0 met1SAQ ura3A0 coqé: KanMX4 Dharmacon, Inc.
BY4742 cog7A MAT w his3A0 leu2A0 met1SAQ ura3A0 cog7:KanMX4 69
BY4742 cog8A MAT o his3A0 lew2A0 metISAQ ura3A0 cog8:KanMX4 69
BY4742 cog9A MAT ahis3A0 leu2A0 met1SAO ura3A0 coq9:KanMX4 69
BY4742 coq10A MAT w his3A0 leu2A0 met1SAQ ura3A0 coql0:KanMX4 69
BY4742 cogliA MAT w kis3A0 leu2A0 met1SAQ ura3A0 coql 1:LEU2 This work
BY4742 coq10Acoq1IA MAT w his3A0 leu2A0 met1SAQ ura3A0 coql0:HIS3 coql1:LEU2 This work
W303 cog10A MAT o ade2-1 his3-1,15 lew2-3,112trpl-1 ura3-1 coq10:HIS3 18
W303 cog10A MAT a ade2-1 his3-1,15 ley2-3,112trpi-1 yra3-1 coql0:HIS3 18
W303 coqllrev MAT w ade2-1 his3-1,15 leu2-3,112trpi-1 ura3-1 coq10:HIS3 sup This work
MB-10 Diploid produced from W303 a cog10A x W303 « cog10Arey This work
W303 coglIA MAT « ade2-1 his3-1,15 leu2-3,112trpl-1 ura3-1 cog11:LEU2 This work
W303 coq10AcoqlIA MAT « ade2-1 his3-1,15 leu2-3,112trpl-1 ura3-1 coq10:HIS3 coqli:LEL2 This work
BY4741 corlA MAT a his3A0 leu2A0 met1SAQ ura3A0 corl:KanMX4 69

4 Gift from Dr. Rodney Rothstein Department of Human Genetics, Columbia University.

coq10A respiratory defect is alleviated by deletion of COQ11

Based on similar mitochondria localization and genetic evo-
lutionary evidence, a putative functional relationship between
Coql0 and Coqll was further probed using a series of
coql0 and coql 1 single- and double-knockout mutants. Strain
descriptions are listed in Table 1. The CoqlO polypeptide is
required for respiration in yeast, and mutants lacking coql0
have poor growth on nonfermentable carbon sources, includ-
ing YPGlycerol, hereafter referred to as “YPG” (18). Unlike
deletion of COQ10, coqlIA mutants are respiratory-capable
and have comparable growth to WT on nonfermentable carbon
sources (14). When COQ11 was deleted in a coglOA mutant in
two different yeast genetic backgrounds, the sickly growth of
coql0A on nonfermentable YPG was rescued (Fig. 24).

Quantitative respiratory capacity of each mutant was evalu-
ated with an XF96 Extracellular Flux Analyzer (Fig. 2, Band C).
Representative and normalized traces of oxygen consumption
rates (OCR) of four independent experiments performed in
nonrepressive medium (YPGal) are shown in Fig. 2B. Basal
rates of OCR were measured prior to the addition of any small
molecule inhibitors. Consistent with its slow growth on non-
fermentable medium, the cogZ0A mutant had a low rate of
basal oxygen consumption compared with WT (p = 0.052)
(Fig. 2C). Basal OCR was rescued in the cog10Acoql1A dou-
ble mutant (Fig. 2C). Following the addition of two sequen-
tial injections of FCCP, a mitochondrial oxidative phosphor-
ylation uncoupler, maximal respiration was also quantified.
The maximal respiration of coqgl0Acoql1A was rescued to
that of WT (Fig. 2C). These results show that the deletion of
COQ11 in a cogl OA mutant confers a beneficial effect, such
that both growth on respiratory medium and OCR are res-
cued to WT.

Deletion of COQ11 rescues PUFA sensitivity of the cog10A
mutant

PUFA autoxidation is initiated by the radical-mediated
abstraction of vulnerable hydrogen atoms at bis-allylic posi-

tions (31). The ensuing carbon-centered radical adds to molec-
ular oxygen to form a lipid peroxyl radical that propagates lipid
peroxidation, with the resulting lipid hydroperoxides ulti-
mately driving cellular toxicity (32). The cogI0A mutant is sen-
sitive to treatment with exogenous PUFAs (Fig. 2D) (17, 19),
likely because the Qg chaperone function of Coql0 is required
for the antioxidant function of Q. Attenuated respiration in
coqlOA is rescued in the coq10Acoql 1A double knockout (Fig.
2, A-C), presumably through regained function of Qg in the
electron transport chain. To test whether the antioxidant capa-
bility of Qg is also restored in the cogl0Acoql 1A mutant, yeast
strains were evaluated for sensitivity to added PUFAs (Fig. 2D).
As anticipated, all strains were resistant to treatment with the
monounsaturated oleic acid (Fig. 2D). Qg-less cog9A was sensi-
tive to a-linolenic acid due to the lack of Qg antioxidant pro-
tection (Fig. 2D). Conversely, the Q4-replete yet respiratory-
deficient corl A remained resistant to a-linolenic acid (Fig. 2D).
Deletion of COQI1 rescued the a-linolenic acid sensitivity of
the cogl0A mutant, suggesting that the double knockout has
restored Qg antioxidant protection (Fig. 2D) despite the absence of
Coql0 as a Qg chaperone.

Independent coq 10 revertant with rescued growth on
respiratory medium harbors a mutation within COQ11

Although the cogl0A mutant is unable to grow robustly on
nonfermentable medium, an earlier study identified a sponta-
neous coql0 revertant (coqlOrev) that arose when coqI0A yeast
was cultured for several weeks on nonfermentable medium
containing ethanol and glycerol as carbon sources (18). Char-
acterization of this revertant revealed a suppressor mutation
within the COQ11 ORF, resulting in a truncated Coq11 protein
that is predicted to be nonfunctional (Fig. 3A4). This mutation
was further assessed for dominance to determine whether
it was sufficient to explain the respiratory competence of
coqlOrev. A haploid coglOA mutant crossed with haploid
coqlOrev produced diploid MB-10 (Table 1), which was capable
of growth on respiratory medium (Fig. 3B). llustrated growth
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Figure 2. COQT1 deletion rescues the lack of growth on YPG, low-oxygen consumption rates, and lost Q, antioxidant protection in the cog70A
mutant. A, strains were grown overnight in 5 ml of YPD, diluted to an Agy, = 0.2 with sterile PBS, and 2 ul of 5-fold serial dilutions were spotted onto
fermentable (YPDextrose, YPD) or respiratory (YPGlycerol, YPG) medium, corresponding to a final Ay, = 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were
incubated at 30 °C, and growth was captured after 2 or 3 days. Band C, quadruplicates of 25-ml cultures of WT, cog710A, coq11A, and coq10Acoq11A yeast were
grown in YPGal until they reached Ag,, ~4. Yeast were diluted to an Ay, = 0.1 in fresh YPGal and collected by centrifugation on poly-D-lysine-coated Seahorse
XF96 microplates to assess oxygen consumption. B, representative traces of OCR of yeast strains with the XF96 extracellular flux analyzer. FCCP and antimycin
A (AA) were sequentially added to evaluate mitochondrial respiratory states. Measurements were taken approximately every 4 min, as represented by points
and their respective error bars. Four independent experiments were performed (Fig. S1),and each group of average traces represents 810 technical replicates.
C, quantification of basal and maximal (maximal electron transport activity induced by the uncoupler FCCP) OCR as obtained from four independent experi-
ments (Fig. S1). The data show the mean = S.D., and the statistical significance as compared with WT is represented by *, p < 0.05. D, deletion of COQT7 in the

coq10A rescues PUFA sensitivity. Results are representative of three experiments.

patterns suggest that the cogqll truncated allele present in
coqlOrev is a dominant-negative mutation. Because the domi-
nant mutation in coglOrev restores growth on respiratory
medium via a functionally suppressive Coql1 truncation muta-
tion, this mutant effectively validates the cogl0Acoql1A phe-
notype in an independent system.

Deletion of COQ11 fails to fully restore coq10A Q,
biosynthesis in whole cells

When a cog mutant displays anemic growth on respiratory
medium, it is often indicative of inefficient Q4 biosynthesis (7,
9); yeast lacking COQI0 exhibit both poor growth on respira-
tory medium and decreased Qg biosynthesis in log phase whole
cells (17, 19). Although the cog1A mutant retains the ability to
grow on nonfermentable medium, it is also characterized by
impaired Q4 biosynthesis (14). Only a small amount of Q is
required for growth on respiratory medium, ~0.2—-3% of the
total Qg found in WT (9, 33, 34). Because the cogl0Acogl1A
double mutant has rescued respiration, we wanted to assess
whether recovered growth was accompanied by increased Qg
biosynthesis. Whole-cell de novo—synthesized [°C]Q, and

[*C]Qq were measured in yeast by feeding the quinone ring-
labeled precursor, ['*C4]4HB, or EtOH vehicle control (Fig. 4).
These analyses were performed in the fermentable, nonrepres-
sive YPGal medium (35) to match the conditions of experi-
ments involving purified mitochondria.

Consistent with previous results (14, 17), cog10A and cogl 1A
had significantly decreased de novo-synthesized [**C,]Qq and
[**C]Qg compared with WT (Fig. 44). The cogql 0A mutant had
a lower total Qg content ([*°C4]Qg + [**C]Qg) than WT and
also a lower total Q, than coglIA (Fig. 4B). Deletion of COQ11
in coql0A yeast led to a slight increase in de novo-synthesized
["C4]Qg and unchanged [**C]Qq compared with cog10A (Fig.
44). Therefore, the cogl0AcoglIA double mutant presented
total Qg contents that were significantly lower than either
WT or cogllA (Fig. 4B). Given the robust growth of the
coql0AcoglIA double mutant on YPG, restored respiration,
and resistance to PUFA treatment, the low Qg concentrations
observed are surprising.

Next, we quantified the concentrations of key Q¢-intermedi-
ates in the same whole-cell yeast pellets. As shown previously
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(17, 19), the cogl0A mutant contained lower amounts of the
late-stage intermediate [**C,]DMQy and [**C]DMQq (Fig. 4C)
than WT, and it accumulated the early-stage intermediate
[**C¢]HHB and [**C]HHB (Fig. 4D). In contrast to cogI0A, the
cogql1A mutant mirrored WT production of both de novo-syn-
thesized and unlabeled early- and late-stage intermediates (Fig.
4, C and D), as shown previously (14). Q4-intermediate trends
in coq10AcoqlIA matched those of the cogZ0A mutant rather
than coglIA (Fig. 4, C and D). The low Qg content and accu-
mulation of early-stage Qq-intermediates in the cogl0Acoq1 1A
double knockout suggest the absence of COQ10 still producesa
notable effect on Qg biosynthesis, although respiratory capacity
is rescued.

coq10Acoq11A double mutant has increased mitochondrial
Q, compared with the coq10A single mutant

Although Qg biosynthesis solely occurs within mitochon-
dria, it is found in all cellular membranes (9). Therefore, Q4 was
quantified in both whole cells and purified mitochondria from
mutant and WT cells cultured under the same conditions (36).
Whole-cell Qg determined under mitochondrial purification
conditions matched those determined in Figs. 4 and 5A. The
coql0Acoql 1A double mutant made slightly more Qg4 than the
coql0A single mutant, but overall less Qg compared with the

YPEG, 3 days

Figure 3. Spontaneous coqg10 revertant with rescued respiratory capacity was identified to possess a base-pair deletion in COQ171, encoding a
truncated Coq11 protein. A, alignmentofthe amino acid sequence of WT COQT7T ORFwiththe coq1 allele (coq0rev) present inthe coq 10 revertant. B, growth
properties of WTwere compared with coq 70 mutants and diploid MB-10 (defined in Table 1). Strainswere grown overnight in 8 mlof YPDextrose (YPD), diluted
toanAgy, = 0.2 with sterile PBS, and 2 ul of 5-fold serial dilutions were spotted onto fermentable YPD or respiratory (YPEGlycerol (YPEG)) medium, correspond-
ingtoafinal Agq = 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth was captured after 2 or 3 days. Results are representative
of three experiments.

coqlIA single mutant. All mutants had lower whole-cell Qg
amounts than WT (Fig. 54).

Similarly, mitochondrial Q, content per microgram of mito-
chondrial protein waslower in cogl 1A than WT (Fig. 5B). How-
ever, deletion of COQ11 in the cogl0A mutant increased the
mitochondrial Qg 5-fold (Fig. 5B). Despite these profound dif-
ferences in mitochondrial Qg content, mitochondrial mass was
consistent between strains as determined by three distinct
assays (Fig. 5, C-E). Increased mitochondrial Q. in the
coq10Acoql1A double mutant compared with cogl OA indicates
that the absence of COQ11 in part rescues defective Q4 synthe-
sis in the coq?0A mutant.

Low Cogq protein content and destabilized CoQ synthome of
the coq10A mutant arerestored in the coqg10Acoq11A double
mutant

Proper formation of the CoQ synthome from component
Coq polypeptides is required for efficient Q4 biosynthesis in
yeast (9, 12, 13). Deletion of COQ10 causes a decrease in several
other Coq polypeptides, including Coq3—Coq7, Coq9,as wellas
overall CoQsynthome destabilization (12, 13, 19). These results
were confirmed when purified mitochondria from cogl0A
yeast were analyzed for each Coq polypeptide (Fig. 64). The
coql0A mutant had significantly decreased amounts of Coq3,
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Figure 4. Low amounts of de novo [*C¢]Q in whole-cell lipid extracts of the cog70A mutant are only partially restored by deletion of COQ117.
Triplicates of 6-ml cultures in YPGal were labeled at Aq,, ~ 1 with 5 ug/ml ['*C4]4HB or EtOH vehicle control, and 5 ml of each culture were collected after 4 h,
lipid-extracted, and analyzed by LC-MS/MS. A, unlabeled [‘ZC]Q6 and de novo-synthesized ["*C]Qs (blue); B, total amount of Q4 determined from the sum of
[*ClQg and [2C1Q; C, ['*CIDMQ, and ['*C,IDMQ (red); and D, ['*CIHHB and ['*C,JHHB (purple) were measured from the whole-cell lipid extracts of WT and
the cogT0A, coq11A, and cog10Acoq1TA mutants. Values are the mean of three replicates. The data show mean = S.D., and the statistical significance as
compared with WT is represented by *, p << 0.05; ¥**, p < 0.001; and ****, p < 0.0001.

Coq4, Coq7, and Coq9 compared to and plotted as a percentage
of WT (Fig. 6B).

In contrast to cogl0A, the coql IA single mutant had elevated
Coq4, Cog6, Coq7, and Coq9 (Fig. 64), with protein quantifi-
cation shown in Fig. 6B. Furthermore, the cogl0AcogqlIA dou-
ble mutant also had raised amounts of Coq4, Coq7, and Coq9
polypeptides compared with WT (Fig. 6, A and B). This increase
in Coq proteins could not be explained by enhanced COQ tran-
scription as there was no corresponding change in the concen-
tration of the respective mRNAs, (Fig. 6C), although COQ4
mRNA was not detected.

CoQ synthome formation was probed using two-dimen-
sional blue native/SDS-PAGE (2D-BN/SDS-PAGE) with Cog4
and Coq9 serving as sensitive indicators of a high-molecular-
weight complex (13). As expected, the CoQ synthome in WT

yeast presented as a heterogeneous high-molecular-weight
complex, spanning a range of ~140 kDa to >1 MDa for Coq4
(Fig. 7A) and from ~100 kDa to >1 MDa for Coq9 (Fig. 7B).
Consistent with prior results (13, 19), the cogZ0A mutant dis-
played a highly-destabilized CoQ synthome, with a disappear-
ance of large complexes that were replaced by lower-molecular-
weight subcomplexes less than ~440 kDa for Coq4 (Fig. 74)
and less than ~232 kDa for Coq9 (Fig. 7B). The cogl 1A mutant
had a stabilized CoQ synthome compared with WT, with high-
molecular-weight complexes shifting to the left and collapsing
into a more homogeneous complex spanning ~900 kDa to >1
MDa for both Coq4 (Fig. 7A) and Coq9 (Fig. 7B). When COQ11
was deleted in combination with COQI0, there was a substan-
tial rescue of high-molecular-weight complex formation com-
pared with the cog10A single mutant (Fig. 7, A and B). The CoQ
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Figure 5. Deletion of COQT1 in the cog710A mutant enhances mitochondrial Qg content. Triplicates of 30-ml cultures of WT, coq10A, cogl 1A, and
coq10Acoq11A yeast were grown in YPGal until they reached Ay, ~4.A, 5 ml of whole cells from each culture were harvested, lipid-extracted, and analyzed by
LC-MS/MS for Q4 content. Alternatively, WT, cog10A, cog11A, and coqT0Acoq11A yeasts were grown in YPGal until they reached A4, ~4 and were subjected
to mitochondrial preparation. B, lipids from triplicates of purified mitochondria (100 pg) were analyzed by LC-MS/MS for Q, content. C-E, mitochondrial mass
was estimated using three distinct methods. C, relative mitochondrial DNA to actin was quantified by qPCR. D, porin protein amounts were quantified by hand
using ImageStudiolite following immunoblot and normalized to total protein levels evaluated by Ponceau stain. £, citrate synthase activity was determined
using a colorimetric assay as outlined under “Experimental procedures.” Values are the mean of three replicates. The data show the mean * S.D,, and the
statistical significance as compared with WT is represented by *, p < 0.05; ***, p <C 0.001; and **** p < 0.0001.

synthome of the cogl0Acogl1A double mutant appeared simi-
lar to that of cog11A complexes spanning ~66 kDa to > 1 MDa
for Coq4 (Fig. 74) and from ~66 kDa to > 1 MDa for Coq9 (Fig.
7B). However, the deletion of COQI1 in coql0A does not
negate the effect from the COQI0 deletion, as it does not
restore small subcomplexes <140 kDa to higher molecular
weights (Fig. 7, A and B). These CoQ synthome signals for
cogl1 mutants were complementary to the observed increased
Coq polypeptides, indicating that the absence of COQI1
enhanced the Qg biosynthetic machinery.

High-copy COQ8 does not restore Q4 content in the
coq10Acoq11A single mutant

The Coq8 polypeptide is a member of an ancient atypical
kinase family (37), with several conserved kinase motifs that are
essential for Q biosynthesis (13, 38). Prior studies have demon-
strated that overexpression of Coq8 in a cogl0A mutant
increased the otherwise low amounts of several key Coq poly-
peptides and stabilized CoQ synthome formation (13). This is
similar to the phenotype observed when COQ11 was deleted in
the cogl0A mutant. Furthermore, Coq8 overexpression has
also been shown to influence Qg biosynthesis, including the
restoration of late-stage Qg -intermediates in cogS-coq9 null
mutants (39). Although the CoQ synthome of the coglOA
mutant was stabilized by deletion of COQ11, Q4 and late-stage
Qq-intermediates remained lower compared with WT and the

coql1A single mutant (Fig. 4C). We hypothesized that the over-
expression of Cog8 in the cogI0A and coql0AcogqlIA mutant
may restore Qg content in both mutants.

WT, coql0A, coql1A, and coql0AcoglIA were analyzed for
growth on nonfermentable medium and Qg biosynthesis upon
transformation with high-copy COQ8 (hcCOQ8, Table 2) or
empty vector control (Fig. 8). Similar to previous observations
in a different yeast genetic background (18), cogI0A-expressing
hcCOQ8 regained the ability to grow on respiratory medium
(Fig. 8A). This growth phenotype may be explained by a stabi-
lized CoQ synthome in the coq0A mutant harboring hcCOQ8
(13). However, hcCOQ8 had no material effect on the growth
properties of WT, coqlIA, or coqlOAcoqlIA strains on YPG
(Fig. 84).

Each strain was grown in minimal selection medium to main-
tain plasmid expression and was analyzed for Qg biosynthesis
following metabolic labeling with the ring-labeled Qg precur-
sor, [**C4]HB (Fig. 8, B and C). Changing the growth medium
from rich (i.e. YPGal) to minimal synthetic (i.e. SD and drop-
out dextrose media (DOD)) changed the relative amounts of Qg
content among the mutants (Figs. 4B versus 8C). Although W'T
[*C4]Qq and total Q, content is similar in Figs. 4B and 8C, the
values for coglIA and the double mutant are quite different.
When grown in YPGal, cog10A had the lowest Q content, fol-
lowed by the double mutant cogl0Acoql1A, with cogqliA hav-
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1A and coq10Acoq11A mutants compared with WT. A, aliquots of purified

mitochondria (25 ug) from WT, cog10A, cog1TA, and coqT10Acoq1TA yeasts were subjected to 10 or 12% Tris-glycine SDS-PAGE. Mitochondrial malate
dehydrogenase (Mdh1) was included as a loading control, with a representative blot shown. The Cog5 protein also serves as a qualitative loading control,

because the Cog5 polypeptide amounts remain unchanged across the panel

of coq1-cog4 and cog6 - coq10 deletion mutants (12). Aliquots of purified cogA

mitochondria (cog7A-coq11A) were included as negative controls for immunoblotting with antisera to each of the Coq polypeptides. Black arrows highlight
the location of each protein on the membrane. B, ImageStudioLite was used to quantify triplicates of each Coq protein band’s intensity by hand, which were

normalized to Mdh1 and plotted as a percentage of WT. The data show mean

+ S.D., and the statistical significance is as compared with WT is represented by

* p < 0.05; ¥, p < 0.01; ¥*, p < 0.001; and **** p < 0.0001. C, gPCR was used to determine COQ gene expression from whole-cell cultures of WT, cog10A,
coql1A, or coqT0AcoqT 1A, and data were normalized to actin. COQ RNA levels remain unchanged in the coqT0A, coq11A, or coq10AcoqT TA mutants as

compared with WT.

ing the closest Q4 content to WT (Figs. 4, 4 and B, and 54 and
Fig. S2, A and B). In contrast, when these strains are cultured in
SD—Ura (Fig. 8, B and C), the double mutant cogl0AcoglIA
had the lowest Q, content, as compared with either the cog10A
or cogl IA single mutant strains. Growth on minimal dextrose
medium in the absence of plasmid selection produced similar
trends (Fig. S2, C and D, and Fig. S3, A and B).

Upon Coq8 overexpression, cogI0A had increased de novo-
synthesized ["°C,]Q, and [**C]Q, (Fig. 8B), and total Q4 con-
centrations (["*C4]Qq + [?C]Qg) were restored to those of WT
(Fig. 8C). This finding is consistent with previous results, which
also indicated that hcCOQ8 restored Q biosynthesis and
amounts of Coq polypeptides and the CoQ synthome in the
coql0A mutant (13, 17, 18). Intriguingly, expression ofhcCOQ8

had no effect on de novo or unlabeled Qg content in either the
coqlIA single mutant or the cogl0AcoglIA double mutant
(Fig. 8B). Total Qg contents of both cogl A and cogl0AcoglIA
remained significantly decreased compared with WT (Fig. 8C).
Together, these results show that the rescue of the cogl0A
mutant mediated by Coq8 overexpression requires Coql1.

Expression of low-copy COQ11 rescues only some of the
phenotypes of the coq10Acoq11A mutant

The functional complementation of coglIA single and
coql0Acoql1A double mutants with low-copy COQII was
assessed (IcCOQ11, Table 2). As expected, the cogI0A mutant,
coql0A with empty vector, and coglOA complemented with
1cCOQ11 showed slow growth on the nonfermentable carbon
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Figure 7. Deletion of COQ11 in the cog70A mutant restores the CoQ synthome. Aliquots (100 ug) of purified mitochondria from WT, cogT0A, cog17A, and
coq10Acoq11A yeasts cultured in YPGal were solubilized with digitonin and separated with two-dimensional BN/SDS-PAGE. Following transfer of proteins to
membranes, the CoQ synthome was visualized as a heterogeneous signal from ~66 to ~669 kDa in WT control with antibodies to A, Cog4, or B, Coq9. Intact
mitochondria (25 pg) from each designated strain was included as a loading control (M). Aliquots of cog4A- or cog9A-purified mitochondria (25 ug) were
included as a negative control for the antisera to Cog4 and Coq9, as the Coq9 polypeptide is absent from the cog4A mutant. Red arrowheads and brackets

indicate distinct complexes.

Table 2

Yeast expression vectors
Plasmid Relevant genes/markers Source
PRS305 Yeast vector with LEU2 marker 70
pRS313 Yeast vector with HIS3 marker 70
pRS316 Yeast shuttle vector; low-copy 70
leCOQI11 PRS316 with yeast COQ11; low-copy This work
pRS426 Yeast shuttle vector; multi-copy 71
p4HN4 PpRS426 with yeast COQ8; multi-copy 12

source YPGlycerol (Fig. 94). Because yeast lacking COQI1
retain respiratory capacity (Fig. 2) (14), cog11A complemented
with lcCOQI1 had no detectable change in growth phenotype
compared with either the cogl 1A mutant or coql 1A with empty

vector (Fig. 94). Intriguingly, when lcCOQI1 was expressed in
the coql0AcoqlIA double mutant, there was no repression
of growth on YPG compared with that of the cogl0A mutant
(Fig. 94).

This observation suggests that Qg biosynthesis in coglOA
coqlIA may not be affected by lcCOQI1. To determine the
effect of IcCOQ11 expression on mutant Qg biosynthesis, yeast
was grown in selection medium to maintain plasmid expres-
sion. We tested whether [cCOQ11 expression rescued Qg con-
tent in the cogl1A mutant. Expression of lcCOQI1 in coglIA
efficiently rescued total Qg ([°CglQy + [*ClQg) to WT
amounts (Fig. 9B).
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Figure 8. Overexpression of the CoQ synthome stabilizer, COQ8, has no effect on Q4 synthesis in the cog10Acoq11A mutant. WT, cog10A, cogT1A, and
coq10Acoq11A mutants were transformed with high-copy COQ8 (hcCOQ8) or empty vector (pRS426) plasmids. A, strains were grown overnight in 5 ml of
selection medium, diluted to an Ay, = 0.2 with sterile PBS, and 2 ul of 5-fold serial dilutions were spotted onto YPD, YPG, or selection medium (SD—Ura),
corresponding to afinal Az, = 0.2,0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth was captured after 2 or 3 days. Triplicates of 5
ml of culture in selection medium were labeled with 5 pg/ml ['*C.]4HB, collected after 4 h, lipid-extracted, and analyzed by LC-MS/MS. B, ['2C]Q (white) and
de novo [*C4]Q (blue). C, total amount of Q; was also plotted from the sum of [*C4]Qg and ['“C]Qg. The values are the means of three replicates. The data show
mean = S.D., and the statistical significance as compared with WT is represented by *, p < 0.05; **, p << 0.01; ***, p < 0.001; and ****, p <<0.0001. The ns signifies

that values are not significantly different from WT.

Finally, whole-cell steady-state Qg concentrations were eval-
uated in all mutants. Even though lcCOQI1 complementation
did not suppress coql0AcoqlIA growth on YPGlycerol (Fig.
94), Q4 concentrations were increased in cogl0AcoglIA to a
level comparable with that of cogI0A (Fig. 9C). This implies
that Coq11’s role in Qg biosynthesis is not effective when the
COQI11 ORF is expressed on a single-copy plasmid in the
absence of COQI0. Perhaps Coql1 expression from a plasmid
does not account for multiple levels of regulation that occur
through endogenous expression. Alternatively, the cogl0Acogl 1A
double mutant may have slightly lower amounts of the Coql1
polypeptide compared with coglIA when both are comple-
mented by lcCOQI1 (Fig. 9D), and these lower levels may not be
sufficient to suppress respiration (Fig. 94).

Discussion

This work investigated a putative functional relationship
between Coql0 and Coql1 within the S. cerevisige Qg biosyn-
thetic pathway. The presence of Coql0-Coql1 fusions in sev-
eral Ustilaginaceae species suggests that these proteins may
directly interact or participate in the same biological pathway in
yeast (Fig. 14) (14). Yeast Coql0 and its orthologs were previ-
ously shown to be required for efficient de novo Q biosynthesis
and respiration (17, 18). We were surprised to discover that the
yeast cogl0A growth defect on nonfermentable medium and
oxygen consumption rates were rescued upon deletion of
COQ11 (Fig. 2). Moreover, spontaneous revertants isolated
from coq10A yeast were previously found to exhibit growth on
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(YPD) and diluted to an Agy = 0.2 with sterile PBS, and 2 ul of 5-fold serial dilutions were spotted onto YPDextrose, YPGlycerol (YPG), or selection medium
(SD—Ura), corresponding to a final Ao, = 0.2, 0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth was captured after 3 or 4 days. B,
rescue of mutant de novo and unlabeled Q, production was initially demonstrated in cog T7A. Triplicates of 6-ml cultures in selection medium were labeled with
5 pg/ml ['*C,J4HB, and 5 ml of each culture was collected after 4 h, lipid-extracted, and analyzed by LC-MS/MS. Total amount of Qg was plotted from the sum
of de novo [C,]Q; (blue) and unlabeled ['2C]Q;. Values are the mean of three replicates. C, rescue of mutant Q, content was evaluated in each mutant strain.
Triplicates of 6-ml cultures in selection medium were grown until Ay, ~4. Lipid extracts from 5 ml of each culture were analyzed by LC-MS/MS. The data show
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that values are not significantly different from WT. D, aliquots of purified mitochondria (25 g) from WT and mutant yeast containing empty vector or [cCOQT1
wereisolated in YPGal medium and were separated on 10% Tris-glycine SDS-polyacrylamide gels to determine Coq11 protein expression. Proteins stained with

Ponceau stain were used as loading control.

nonfermentable medium (18). We have shown that this rever-
sion is due to a dominant base pair deletion within the COQ11
gene, likely resulting in a nonfunctional, truncated Coql1 pro-
tein (Fig. 3). Mutants lacking both COQ10 and COQ11 when
cultured on YPGal have increased de novo Qg production (Fig.
4A) in addition to a 5-fold increase in mitochondrial Q4 content
compared with the cogZ0A single knockout (Fig. 5B). There-
fore, we have demonstrated that deletion of the Coq11 polypep-
tide in a cog10A mutant confers a beneficial effect on both res-
piration and Q, biosynthesis (Fig. 10).

Enhanced Qg content in the cogl0Acoql1A double mutant
compared with the cog0A single mutant may be partially due
to increased amounts of several key Coq polypeptides (Fig. 6)
and CoQ synthome stabilization (Fig. 7). The ring-modifying

enzymes within the Qg biosynthetic pathway colocalize to
numerous distinct “CoQ domains” in vivo, and proper assembly
of the CoQ synthome components is required for the presence
of these CoQ domains (23). Two recent studies demonstrated
that mitochondria isolated from yeast lacking COQ10 have a
reduced number of CoQ domain puncta (23, 24). This is likely
due to lower levels of certain Coq polypeptides and partial CoQ
synthome destabilization in the cogZ0A mutant (17, 19), which
was confirmed in this work (Figs. 6 and 7). In contrast, cogl 1A
yeast displayed significantly higher amounts of Coq4, Cogs6,
Coq7, and Coq9 polypeptides (Fig. 6). The CoQ synthome was
likewise shifted to a higher molecular weight in cogZIA mito-
chondria compared with WT (Fig. 7). When Coq9 ~yEGFP was
used as a marker for CoQ domains, cogl IA had increased CoQ
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Figure 10. Scheme postulating Coq11 as a modulator of Q. synthesis in mitochondria. Under homeostasis, Coq11 associates with the CoQ synthome and
acts as a modest negative regulator of Q4 synthesis via Coq10. In the absence of COQ17, several Coq polypeptides are increased (dark shading), and the CoQ
synthome is stabilized compared with WT cells, despite a slight decrease in Q, content. In contrast, the cog70A mutant is missing the Q, chaperone protein,
resulting in a decreased amount (light shading) of Coq3, Coq4, Coq7, and Coq9, a destabilized CoQ synthome, substantially decreased Qg concentrations, and
alack of respiration. The deletion of COQ17in the cog 70A mutant counterbalances the destabilized CoQ synthome and decreased Qg content phenotype of the
coq10A mutant, allowing the coq10Acoq11A double mutant to grow on YPG and respire. Expression of hcCOQ8 in the coq70A mutant produces many similar
phenotypes to COQT1 deletionin cog10A cells, including increased Coq polypeptides and a stabilized CoQ synthome (13), resulting in restored growth on YPG.
Unlike the coq70AcoqT1A double mutant, cog70A + hcCOQ8 has rescued Q4 content pointing to an additional role of Cog11 in Qg biosynthesis, redox

regulation, or transportation.

domain intensity that stemmed from amplified expression of
Coq9 —yEGED, although the number of domains was similar to
WT. Mutants lacking essential Coq polypeptides cogl - coq9, or
coq10, displayed significantly less Coq9-labeled domains (24).
The CoQ synthome stabilization seen in coglIA via 2D-BN/
SDS-PAGE analyses performed in this work (Fig. 7) agrees with
the observation of increased CoQ domains and argues that the
CoQ synthome is truly stabilized upon deletion of COQ11, as
opposed to inducing a greater number of domains.

These observations are consistent with the biochemical data
that led to the notion of a CoQ synthome whose formation
relies on the presence of prenylated Q-intermediates (13, 40,
41). The coql0A mutant produced more early-stage intermedi-
ates (HHB) and had less late-stage intermediates (DMQy) com-
pared with WT (Fig. 4, C and D), resulting in less CoQ syn-

thome formation (Fig. 7). Because coqlIA yeast displayed
comparable amounts of early- and late-stage Qg-intermediates
to WT (Fig. 4, C and D), this mutant retained the ability to fully
form the CoQ synthome (Fig. 7). The double knockout synthe-
sized varying amounts of early- and late-stage Q,-intermedi-
ates that were largely in-between those of the single knockouts
(Fig. 4, C and D). The CoQ synthome is thus able to form in
coql0AcoqlIA yeast, albeit not to the efficiency of the cogl1A
single mutant (Fig. 7). We suspect that the accumulation of Coq
polypeptides and restoration of the CoQ synthome in the
coql0Acoql1A double mutant are sufficient to allow for Q, to
escape its site of synthesis and reach the respiratory complexes,
despite an absence of the Coql0 Q4 chaperone protein and
lower Qg in this strain (Fig. 10). How this occurs is presently not
known. One possible explanation could be that Coql1 inhibits
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a currently unidentified Q4 chaperone with lower efficiency
than Coql0that is able to rescue respiration only in the absence
of both Coql0 and Coqll.

Overexpression of the Qg-biosynthetic protein Cog8 also
rescued coglOA mutant growth on nonfermentable medium
(Fig. 84) and de novo Qg biosynthesis (Fig. 8, B and C) (17).
Coq8 has been implicated in the partial extraction of Qg-inter-
mediates out of the mitochondrial inner membrane for enzy-
matic modification by other Coq proteins, allowing for appro-
priate Qg biosynthesis (25). Prior investigations also revealed
that Cog8 overexpression in coql OA yeast increased Cogd and
Coq9 polypeptides and stabilized the CoQ synthome (13, 24).
Despite the substantial benefit of Coq8 overexpression in a
coql0A single mutant, Coq8 overexpression failed to enhance
Qg biosynthesis in the cogl 0Acoq11A double knockout (Figs. 8,
Band C, and 10). The absence of COQ11 in the double mutant
is sufficient to restore Coq polypeptides and CoQ synthome
formation (Figs. 6, A and B, 7, and 10). Coqll and Coq8 may
therefore work by different mechanisms to serve opposing
functions for CoQ synthome and Coq polypeptide stabilization.
Furthermore, it is clear that Coqll is required to perform an
additional function to Cog8, as hcCOQ8 requires the presence
of Coql1 to restore Qg biosynthesis (Figs. 8, B and C, and 10).

Proper CoQ synthome formation is not only required for
efficient Q4 biosynthesis, but it is also vital for the establishment
of ER-mitochondrial contact sites mediated by the ER-mito-
chondrial encounter structure (ERMES) complex (23, 24). The
ERMES complex is essential for lipid exchange between the ER
and mitochondria (42). Specifically, ERMES null mutants have
irregular Qg cellular distribution and a destabilized CoQ syn-
thome (23). When COQI0 was deleted in yeast expressing
Coq6—GFP, there was a significant decrease in Coq6—GFP
puncta colocalization with Mdm34 —mCherry, a component of
the ERMES complex (23). These results indicate that CoQ syn-
thome positioning next to the ERMES complex, and subse-
quent Qg distribution from the mitochondria, depends on
Coql0. Because COQI1 deletion stabilizes the CoQ syn-
thome (Figs. 6, A and B, and 7), it is possible that coglIA
mutants have more ER-mitochondrial contacts through the
ERMES complex and improved transfer of lipids between
these organelles. Therefore, one possible role of Coqll may
be an auxiliary protein mediating lipid transport between the
ER and mitochondria.

In a recent study, Coqll was named Mrx2, as part of the
mitochondrial organization of gene expression (MIOREX)
complex involved in the mitochondrial genetic expression sys-
tem (43). Considering the proposed regulatory function of
Coql1 in CoQ synthome assembly, it is tempting to speculate
that Coql1 offers a mechanism to couple Qg synthesis with the
assembly of the respiratory complexes. When the synthesis of
the respiratory complexes is more active, Coql1 is associated to
the MIOREX complex, and Qg synthesis at ER junctions is stim-
ulated. Coqll dual localization in the mitochondrial inner
membrane, to the MIOREX complex and the CoQ synthome,
would also explain the sensitivity of yeast cells to the number of
COQ11 copies, as well as present another example of a loop
system control for balanced expression of mitochondrial prod-
ucts (44).

Another potential explanation for the phenotypes induced
by the knockout of Coql1 relates to its structural connection
with the short-chain dehydrogenase/reductase (SDR) super-
family of NAD(P)(H)-dependent oxidoreductases (14, 45).
These enzymes catalyze an assortment of reactions, including
isomerization, decarboxylation, epimerization, imine reduc-
tion, and carbonyl-alcohol oxidoreduction (45). SDR super-
family proteins contain a conserved protein structural motif
known as a Rossmann fold, a feature used in the binding of
nucleotide cofactors such as FAD, FMN, and NAD(P) (46). The
crystal structure of the Pseudomonas aeruginosa gene UbiX,
which catalyzes the decarboxylation step in Qg biosynthesis,
revealed a Rossmann fold with a bound FMN (47). Thus, Coql1
may use its Rossmann fold in conjunction with a nucleotide
cofactor to perform similar redox chemistry in S. cerevisiae Qg
biosynthesis. The ratio of QH,/Q serves as a metabolic sensor
for electron transport chain efficiency (48). High QH,/Q ratios
induce respiratory complex I-mediated reverse electron trans-
port (RET) under physiological conditions in both Drosophila
and mammalian cell lines (48, 49). Superoxide and secondary
reactive species produced specifically through complex [ RET
extended Drosophila lifespan and improved mitochondrial
function in a model of Parkinson’s disease (49). RET induced by
over-reduction of the Q pool presumably generates a superox-
ide-dependent signal essential for homeostasis, such that
manipulation of the Q redox state is beneficial for mitochon-
drial function (48, 49). Mitochondrial phenotypes in the
absence of COQI1, including restored respiration in coglOA
coql1A and up-regulated Qg machinery (Figs.2, A-C, 6,and 7),
seem to correlate well with the aforementioned effects of QsH,
accumulation. Yeast cogl IA and cogl0Acoql 1A mutants retain
antioxidant protection by QgH,, demonstrated by their resis-
tance to treatment with exogenously-added PUFAs (Fig. 2D).
Because cells lacking the Coql1 polypeptide maintain QgH, as
an antioxidant, it follows that Coql1 could be involved in the
oxidation of QH, to Q.

The phenotypes of Coql0 and Coql1l seen in this work are
similar to those in both fungi and mammalian hosts. Several
fungi use Coqll or Coqll-like proteins as NAD-dependent
epimerases/dehydratases, NADH-ubiquinone oxidoreducta-
ses, and NADH dehydrogenase subunits (14). Coql1 orthologs
are commonly found in plant and algae genomes, including the
chloroplast-localized flavin reductase protein At1g32220 from
the land plant Arabidopsis thaliana, which is thought to be
involved in plastoquinone biosynthesis and storage (14, 50).
The closest but distinct higher eukaryotic Coql1-like protein is
the SDR subfamily protein NDUFA9 (14), an auxiliary subunit
of complex I in humans (51). Patients with decreased NDUFA9
expression are unable to properly assemble complex and may
develop a degenerative infancy respiratory disorder known as
Leigh syndrome (52). Although yeast cells do not possess com-
plex 1, thisevidence indicates that Coql1l may play a crucial role
in respiratory regulation or function, supporting the observa-
tions of this study.

The function of Coql0 is widely conserved across different
organisms. Expression of the Coql0 homolog from C. crescen-
tus (CC1736) rescues the impaired respiration and antioxidant
function of Qg in cog10 yeast mutants (17). The NMR structure
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of CC1736 reveals a START domain, which is known to bind
lipids via a hydrophobic tunnel (20). Studies of S. pormbe Coql0
demonstrate that it is able to bind Q4 (21). One proposed func-
tion of Q binding by CC1736 and Coq10 from S. pombe may be
to regulate Q delivery to its proper sites in the respiratory com-
plexes. Humans have two distinct homologs of yeast Coql0:
COQI0A and COQI10B. Expression of either human protein
rescues the coql0A respiratory deficiency and sensitivity to oxi-
dative stress, and it restores the amounts of Coq polypeptides to
WT (19). The conserved function of yeast Coql0 with human
COQI0A and COQ10B suggests that the findings of this work
will shed light on the role of Coq10 as a chaperone in humans,
leading to a better understanding of the pathobiology of Q,,
diseases.

In summary, this work reveals that Coqll plays a regulatory
role to maintain Qg homeostasis in concert with Coql0 in
S. cerevisiae (Fig. 10). The absence of COQ11I caused an aug-
mentation of Qg production and respiration in the coglOA
mutant, indicating that Coql1 confers a negative effect onthe
CoQ synthome. Coqll may be crucial for Q, function in
addition to Qg biosynthesis, as total whole-cell and mito-
chondrial Qg content remained lower than WT in coglIA
and cogl0AcogqllA mutants.

Experimental procedures

All reagents were obtained commercially from Thermo
Fisher Scientific unless otherwise specified

Yeast strains and growth medium

S. cerevisiae strains used in this study are described in Table
1. Yeast strains were derived from S288C (BY4742 (53)) or
W303 (54). Growth media were prepared as described previ-
ously (55), and plate medium contained 2% bacto-agar. Growth
media included the following: YPD (2% glucose, 1% yeast
extract,and 2% peptone), YPGal (2% galactose, 1% yeast extract,
2% peptone, and 0.1% dextrose), YPG (3% glycerol, 1% yeast
extract, and 2% peptone), and YPEG (3% glycerol, 2% ethanol,
1% yeast extract, and 2% peptone). Synthetic dextrose/selection
media (SD—Complete, SD—Ura, SD-Leu, SD-His, SD-His-Leu,
SD—Ura—Leu) were prepared as described previously (55) and
consisted of all components minus uracil, leucine, histidine, or
both uracil and leucine. Drop-out dextrose (DOD) medium was
prepared as described previously (14).

COQI1I was disrupted by the one-step gene replacement
method (56). The LEU2 gene from pRS305 was amplified by
polymerase chain reaction (PCR), with COQ11 upstream and
downstream flanking sequences 5'-GGGAAATATGTATCG-
TATACAAAAATACAGCTAAAGCTTGAACTG and 3'-
GTACTTAACTATATACAGCTTGGTATAATTTTAAAA-
TGGTAATAAC. Transformations of PCR products into yeast
cells were performed using the Li-acetate method (57). The
double coq10Acoql 1A mutant was constructed via disruption
of COQI0 within the coqlIA strain. The HIS3 gene from
pRS313 was amplified by PCR with COQI0 upstream and
downstream flanking sequences 5'-GGATAAGGAGCCAAA-
CAATAAACGGCTAAAGATACCGTGG and 3'-CAGATA-
ACAAAGATCATGCCATCCAGGATAAGCGTATGCA, and
transformation was performed as for the COQI1 disruption.

Primers were designed using SnapGene (GSL Biotech, LLC, Chi-
cago, IL).

Mitochondria isolation from BY4742 WT and mutant yeast

Yeast cultures of BY4742, coqlOA, coqliA, and coqlOA
coql 1A were grownovernight in 5 mlof YPD. Yeast-containing
plasmids were grown overnight in 5 ml of selection medium
(SD—Ura). All pre-cultures were back-diluted with YPGal and
grown overnight with shaking (30°C, 250 rpm) until cell
density reached an Ag,, ~4. Spheroplasts were prepared
with Zymolyase-20T (MP Biomedicals) and fractionated as
described previously (36), in the presence of cOmplete™
EDTA-free protease inhibitor mixture tablets (Roche Applied
Science), phosphatase inhibitor mixture set I (Sigma-Aldrich),
phosphatase inhibitor mixture set II (Sigma-Aldrich), and
phenylmethylsulfonyl fluoride (Thermo Fisher Scientific).
Nycodenz (Sigma-Aldrich) density gradient purified mito-
chondria were frozen in liquid nitrogen, aliquoted, and stored
at —80°Cuntil further use. Protein concentration of mitochon-
dria was measured by the bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific).

Submitochondrial localization of Coq10 and Coq11
polypeptides

Purified mitochondria from BY4742 yeast (3 mg of protein,
150 pl) were subfractionated, as described previously (13). Pro-
teinase K treatment of purified BY4742 mitochondria was also
performed as described previously (13). Proteinase K-treated
mitoplasts and control samples were resuspended in SDS sam-
ple buffer (50 mm Tris, pH 6.8, 10% glycerol, 2% SDS, 0.1%
bromphenol blue, and 1.33% f-mercaptoethanol); equal ali-
quots were separated by SDS-gel electrophoresis on 10 or 12%
Tris-glycine polyacrylamide gels as detailed below. Several
mitochondrial compartment markers and proteins of interest,
Coql0 and Coqll, were detected with rabbit polyclonal
antibodies prepared in blocking buffer at dilutions listed in
Table S1.

Oxygen consumption evaluation by Seahorse

Mitochondrial function was assessed using the XF96 extra-
cellular flux analyzer (Seahorse Bioscience, Agilent Technolo-
gies). Seahorse plates were coated with 50 pg/ml poly-p-lysine
(Sigma-Aldrich), diluted 1:1 in UltraPure distilled water
(Thermo Fisher Scientific). Volumes of 25 pl were added to
each well for 30 min at room temperature and then aspirated
before plates were dried overnight at room temperature. The
Seahorse XF96 sensor cartridge was hydrated with Seahorse XF
calibrant solution (Agilent) and was incubated overnight at
room temperature.

Yeast cultures of BY4742, coqlOA, coql 1A, and coql0Acoql 1A
were grown overnight in 25 ml of YPGal medium. Onthe day of
measurement, all cultures were diluted to seed an Agy, = 0.1
cells/well of BY4742, cogl0A, coql IA, and coq10Acogql IA intoa
Seahorse XF96 microplate in a total volume of 175 pl YPGal.
Four wells containing only medium were included for back-
ground measurement. The loaded plate was centrifuged at
500 X g for 3 min at room temperature (with no brakes). Fol-
lowing centrifugation, the loaded plate was incubated for 30
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min at 37 °C with no CO, to aid in the transitioning of the plate
into the Seahorse machine’s temperature. Cells were stimu-
lated sequentially with two injections of 4 M FCCP in ports A
and B (optimized for maximum oxygen consumption rate)
(Enzo Life Sciences) and 2.5 pm antimycin A in port C (Enzo
Life Sciences), delivered in YPGal. Mix, wait, and measure
timeswere 2 min, 30s,and 2 min, respectively. Basal respiration
included four measurements, and then following each injection
three measurements were made. All OCR were subtracted for
nonmitochondrial respiration and normalized to Agq, = 0.1.
Basal respiration was calculated as an average of OCR prior to
the first FCCP addition. Maximal respiration was calculated as
an average of OCR following the second FCCP addition. Non-
mitochondrial respiration was measured as average OCR fol-
lowing antimycin A addition.

Fatty acid sensitivity assay

Sensitivity of yeast cells to PUFA-induced oxidative stress
was performed as described previously (19, 58, 59), with some
modifications. Briefly, BY4742 WT, corlA, coq9A, coglOA,
coqlIA, and coql0AcoqlIA were inoculated in 5 ml of YPD
medium and incubated overnight at 30 °C, 250 rpm. Cultures
were subinoculated to an Agy, = 0.25 in 15 ml of fresh YPD
medium and incubated at 30 °C, 250 rpm until they reached an
Agao ~ 1. Cells were harvested, washed twice with 10 ml of ster-
ile H,O, and diluted in 0.1 m phosphate buffer with 0.2% dex-
trose, pH 6.2, to an A = 0.2. This cell suspension was divided
into 5-ml aliquots and treated with an ethanol vehicle control
(final concentration 0.1% v/v), ethanol-diluted oleic acid (Nu-
Check Prep), or a-linolenic acid (Nu-Check Prep) to a final
concentration of 200 . Fatty acid-treated cultures were incu-
bated for 4 h at 30 °C, 250 rpm, after which cell viability was
assessed via plate dilutions. Cell viability prior to the addition of
fatty acids was determined via plate dilutions, represented in
the 0-h plate.

Analysis of Q; and Q-intermediates

Standards of Q4 were obtained from Avanti Polar Lipids, and
Q, was from Sigma-Aldrich. Yeast cultures were grown over-
night in 30 ml of YPGal, or selection medium (SD-complete or
SD—Ura) for strains harboring plasmids. Cultures were diluted
into triplicates of 6 ml of fresh medium to A, = 0.5, and 5 ml
of medium was harvested by centrifugation once they reached
A, ~4 Cell pelletswere stored at —20 °C. Following collection,
frozen cell pellets were lipid-extracted in the presence of inter-
nal standard Q, and analyzed for Qg and Q4-intermediates by
LC-MS/MS as described previously (19).

Stable isotope labeling for determination of de novo Q, and
Q,-intermediates

Yeast cultures were grown overnight in 30 ml of YPGal and
diluted in triplicates of 6 ml of fresh medium to an A, = 0.1.
Cultures were incubated until they reached an Agy, ~1, at
which point ethanol vehicle control (0.1% v/v) or 5 ug/ml of the
stable isotope [**C¢]4HB (Cambridge Isotope Laboratories,
Inc.) was added. Cultures were allowed to grow for an addi-
tional 4 h when 5 ml of each culture was harvested by centrifu-

gation and stored at —20°C. Cell pellets were lipid extracted
and analyzed by LC-MS/MS as described previously (19).

Mitochondrial DNA determination by gPCR analysis

DNA was extracted from yeast cells as follows. Yeast pellets
(10 ml) grown in YPGal were collected at an A, ~4 by centrif-
ugation at 3000 X g for 5 min, washed with 5 ml of H,O, and
transferred to 2-ml screw-cap tubes. Pellets were frozen at
—80 °C until DNA extraction was carried out. Cell pellets were
resuspended in 200 jl of lysis buffer (10 mm Tris-Cl, pH 8.0,2%
(v/v) Triton X-100, 1 mm EDTA, 100 mm NaCl, 1% SDS), and
200 .l of acid-washed glass beads with 200 gl of phenol/chlo-
roform/isoamyl alcohol (25:24:1) were added to the cell suspen-
sion. Cells were lysed using a bead-beater (Precellys 24; Bertin
Technologies) three times for 10 s at 6500 rpm with a 45-s break
between rounds at 4 °C. Tris-EDTA (TE, 200 1) was added, and
the cell suspension was centrifuged at 13,000 X g for 5 min at
room temperature. The aqueous layer was removed to a new
tube containing 200 gl of chloroform, mixed by inversion, and
centrifuged at 13,000 X g for 5 min at room temperature. This
was repeated once more. The aqueous layer was then trans-
ferred to a 2-ml screw-cap tube containing 1 ml of 95% EtOH,
mixed by inversion, and centrifuged at 13,000 X g for 2 min at
room temperature. The resulting pellet was resuspended in 400
lof TE containing 30 j1g of RNase A and incubated at 37 °C for
30 min. Then, 10 gl of 3 M sodium acetate and 1 mlof95% EtOH
was added, mixed by inversion, and incubated at —20 °Cfor 1 h.
After 1 hat —20 °C, the suspension was centrifuged at 13,000 X
gfor 5min, and the pellet was washed twice with 70% EtOH and
air-dried. The dried pellet was resuspended in 25 ul of TE;
concentration was measured by Nanodrop (Thermo Fisher Sci-
entific), and the pellet was stored at —20 °C until use.

qPCR was performed on a CFX384 instrument (Bio-Rad)
using the SensiFAST™SYBR® NO ROX kit (Bioline) as per the
manufacturer’s instructions. Each sample was run in duplicate
with 150 ng of total DNA used per reaction using the following
thermocycling protocol (95 °C for 2 min, 95 °C for 5 s, 60 °C for
10s,and 72 °C for 20, plate read and cycle repeated X 40, melt
curve 40-92 °C with plate read and 40 °C for 10 s). Melting-
curve analysis confirmed that all PCRs produced a single prod-
uct. mtDNA-specific primers (forward (13,999), 5'-GTG CGT
ATA TTT CGT TGA TGC GT-3'; reverse (14,297), 5'-TTC
ACA CTG CCT GTG CTATCT AA-3' (60) and actin-specific
primers (forward, 5'-GAA TTG AGA GTT GCC CCA GA-3';
reverse, 5'-ATC ACC GGA ATC CAA AAC AA-3) were used.
The relative level of gene expression of mitochondrial DNA was
normalized to the expression level of actin as described previ-
ously (61).

Citrate synthase activity

The measurement of citrate synthase activity in cells was
carried out as described previously (62). Briefly, yeast pellets (10
ml) grown in YPGal were collected at an A, ~4 by centrifu-
gation at 3000 X g for 5 min, washed with 5 ml of H,O, and
transferred to 2-ml screw-cap tubes. Cell pellets were resus-
pended in 200 pl of lysis buffer (100 mm Tris-Cl, pH 7.4, 1%
(v/v) Triton X-100, 1 mm EDTA, 1 mm phenylmethylsulfonyl
fluoride, 1% cOmplete™ Protease Inhibitor Mixture (Roche
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Applied Science)), and then 200 pl of acid-washed glass beads
were added. Cells were lysed using a bead-beater (Precellys 24;
Bertin Technologies) three times for 10 s at 6500 rpm with a
45-s break between rounds at 4 °C. The clarified cell lysate was
collected after centrifugation at 16,000 X g for 10 min at 4 °C.
The concentration of protein was determined with the BCA
assay (Thermo Fisher Scientific). Cell lysates were normalized
to 0.05 pg/pl protein. The colorimetric citrate synthase assay
was carried out using a VersaMax plate reader (Molecular
Devices) and a flat-bottom 96-well plate. First, 40 2l of 500 mm
Tris-Cl, pH 7.4, 2 jl of 30 mm acetyl-CoA, 8 pul of 2.5 mm
5,5'-dithiobis(2-nitrobenzoic acid), 90 pl of H,O, and 50 pl cell
lysate (2.5 jug total protein) were added into each well. Then, 10
w1 of 10 mm oxaloacetic acid were added per well and mixed by
pipetting up and down. A,,, was measured every 30 s at 25 °C.
The initial slope was calculated by using data from the first 10
min and used to determine the enzyme reaction rate using the
extinction coefficient for 2-nitro-5-thiobenzoate of 14.15
mm tem ™t (63).

Porin quantification

Porin content was quantified via immunoblot of yeast WT
and mutant whole cells. Protein extraction from whole cells was
performed (64), and 25 pg of each sample was separated by
SDS-gel electrophoresis as described below. Three replicates of
the immunoblots were performed and quantified by hand using
ImageStudioLite software normalized to Ponceau total protein
staining.

Quantitativereal-time PCR (qRT-PCR)

Total RNA was isolated from yeast cells using TRIzol reagent
(Invitrogen). DNA contamination from the resulting RNA was
removed using the DNase TURBO kit as perthe manufacturer’s
instructions (Invitrogen). RNA concentration was measured by
Nanodrop (Thermo Fisher Scientific), and RNA was stored at
—20°C. Reverse transcription was carried out using the Super-
script III first strand synthesis system using random hexamer
primers (Invitrogen). cDNA was stored at —20 °C until qPCR
analyses were carried out. Quantitative real-time PCR was per-
formed on a CFX384 instrument (Bio-Rad) using the Sensi-
FAST™SYBR® NO-ROX kit (Bioline) in duplicate. The rela-
tive levels of gene expression were normalized to the expression
level of actin. Melting curve analysis confirmed that all PCRs
produced a single product. The primers (forward/reverse) used
in real-time PCR were designed using Primer3 on line (RRID:
SCR_003139). Primers used are given in Table S2.

SDS-PAGE and immunoblot analysis

Purified mitochondria (25 jg) were resuspended in SDS
sample buffer and separated by SDS-gel electrophoresis on 10
or 12% Tris-glycine polyacrylamide gels. Proteins were trans-
ferred to a 0.45-pm polyvinylidene difluoride membrane (Mil-
lipore) and blocked with blocking buffer (0.5% BSA, 0.1%
Tween 20, 0.02% SDS in PBS). Representative Coq polypeptides
and loading control mitochondrial malate dehydrogenase
(Mdh1) were probed with rabbit polyclonal antibodies pre-
pared in blocking buffer at dilutions listed in Table S1. IRDye
680LT goat anti-rabbit IgG secondary antibody (LiCOR) was

used at a dilution of 1:10,000. Proteins were visualized using a
LiCOR Odyssey IR Scanner (LiCOR). Immunoblots are repre-
sentative of three replicates and were quantified by hand using
ImageStudioLite software normalized to Mdh1.

Two-dimensional Blue Native/SDS-PAGE immunoblot analysis
of high-molecular-weight complexes

2D-BN/SDS-PAGE was performed as described previously
(13, 65, 66). Briefly, 200 pg of purified mitochondria were sol-
ubilized at 4 mg/ml for 1 h on ice with 16 mg/ml digitonin
(Biosynth) in the presence of the protease and phosphatase
inhibitors used during mitochondrial isolation. Protein con-
centration of solubilized mitochondria was determined by BCA
assay. NativePAGE 5% G-250 sample additive (Thermo Fisher
Scientific) was added to a final concentration of 0.25%. Solubi-
lized mitochondria (100 pg) were separated on NativePAGE
4-16% BisTris gels (Thermo Fisher Scientific) in the first
dimension, and native gel slices were further separated on 12%
Tris-glycine polyacrylamide gel in the second dimension. Fol-
lowing the second-dimension separation, immunoblot analyses
were performed as described above, using antibodies against
Coq4-and Coq9 at the dilutions indicated in Table S1. Molecu-
lar weight standards for BN gel electrophoresis and SDS gel
electrophoresis were obtained from GE Healthcare (Sigma-Al-
drich) and Bio-Rad, respectively.

Construction of low-copy COQ11 yeast expression vectors

Plasmids used in this study are described in Table 2. A low-
copy COQ1II-containing plasmid was constructed using the
pRS316 low-copy empty vector. The COQI1 ORF and regions
corresponding to 842 bp upstream and 256 bp downstream
were cloned into pRS316 using Gibson Assembly (New England
Biolabs). Clones were sequenced by Laragen, and successful
clones were transformed into WT and mutant yeast, along with
the corresponding empty vector (pRS316) control as described
above.

Revertant isolation

As reported previously, cogl0 mutant growth deficiency on
nonfermentable carbon sources (YPEG) spontaneously revert
due to nuclear suppression mutations (18). Here, W303 cogl 0A
yeast was grown on glucose to stationary phase, and ~10 mil-
lion cells were plated on YPEG. After several weeks, a colony
began to appear on this medium. The colony was purified, and
its genome was sequenced.

Genome sequencing

The Wizard® genomic purification kit (Promega) was used to
extract total DNA from the parental respiratory-deficient
mutant W303 coglOA and from the spontaneous revertant
W303 coql0rev. The DNA was quantified using the QUBIT
DNA™high-sensitivity assay,and 1 ng of the normalized DNA
was tagged by the Nextera XTTM (Illumina) protocol. The
libraries were amplified and pooled as described (67). The
pooled libraries were subjected to sequencing with the Next-
Seq™ (Illumina) equipment in the Genome Investigation and
Analysis Laboratory of the Institute of Biomedical Sciences
at the University of Sao Paulo. The BWA Aligner tool,
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version 1.1.4 (Base Space Labs-Illumina), was used to align
~23,000,000 reads obtained from each strain with the reference
genomes of S. cerevisiae. The alignments were compared using
the Integrative Genomics Viewer (Base Space Labs Illumina).

Statistical analyses

All data sets were tested for normality using GraphPad Prism
7 with the Shapiro-Wilk normality test. Because a majority of
sets passed the normality test (a« = 0.5), statistical analyses were
performed using GraphPad Prism 7 with parametric one-way
analysis of variance correcting for multiple comparisons using
Tukey’s test, comparing the mean of each sample to the mean of
its corresponding WT or empty vector control. The data show
the means = S.D., and the statistical significance as compared
with WT or empty vector control is represented by the follow-
ing:*, p < 0.05;*,p < 0.01;***, p < 0.001; and ****, p < 0.0001.
The denotation #s indicates values with “not significant” differ-
ences from the corresponding control.

Data availability

The MS source data for determination of Qg and Qg inter-
mediates will be shared upon request. Please contact Catherine
Clarke at cathy@chem.ucla.edu. All remaining data are con-
tained within the article.
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CHAPTER 3

Understanding the role of the uncharacterized polypeptide Coq11 in coenzyme Q

biosynthesis
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ABSTRACT

Coenzyme Q (ubiquinone or Q) is a polyisoprenylated benzoquinone lipid of varying tail
length n, that is required for several vital cellular functions including bioenergetics, antioxidant
defense, and as a co-factor to enzymes participating in pyrimidine biosynthesis and fatty acid -
oxidation. In Saccharomyces cerevisiae, a group of proteins work together towards the
biosynthesis of Qs. Several of these Coq proteins interact to form a high-molecular mass
complex on the mitochondrial inner member termed the ‘CoQ synthome’. Recently, a protein of
unknown function, renamed Coqll, was discovered to be essential for efficient de novo Qe
biosynthesis and co-purified with several members of the CoQ synthome. Attempts to elucidate
the function of Coql1 have focused on its phylogenetic correlation with Coql0. Here, we present
Coql1 protein purification strategies and constructs for Coqll overexpression in yeast, to
characterize its role in Qg biosynthesis. These data provide a valuable foundation for future

studies clarifying the association of Coql1 with Qg biosynthetic pathway.
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INTRODUCTION

Coenzyme Q (Qy) is an essential lipid molecule component of the electron transport chain
and serves an important role in cellular antioxidant defense (1). Patients with partial defects in Q
biosynthesis suffer from a variety of health issues, including cerebellar ataxia, renal disease,
cardiovascular complications, respiratory dysfunction, and neurodegenerative diseases (2-4). The
major clinical strategy for treatment of Qo deficiencies involves large scale Q;o supplementation,
and such treatments have only been partially successful in most cases; however, many patients
fail to demonstrate full recovery due to insufficient uptake of Qo (4,5). Further, once severe Qo
deficits in the kidney or defects in neurological function occur, they are not reversible, even if
Qio supplementation efficacy were to be increased (6). Current efforts to improve Qo
therapeutics have been focused improving delivery strategies for Qo (7,8), and developing
compounds that enhance endogenous Qo biosynthesis in patients (1,4,9,10). Due to the striking
homology between human genes and those of Saccharomyces cerevisiae, studies of Qg
biosynthesis in S. cerevisiae may provide insight into human Q,, biosynthesis towards the

elucidation of potential therapeutic targets.

In S. cerevisiae, a cohort of at least fourteen mitochondrial proteins (Coql-Coql1, Yahl,
Arhl, and Hfd1) drive Qg biosynthesis (1,4,11). Several of these Coq polypeptides assemble into
a multi-subunit CoQ synthome localized to the mitochondrial inner membrane (1). A novel
polypeptide encoded by the open reading frame YLR290C was recently identified to co-purify
with several members of the CoQ synthome (12). Based on this evidence and a requirement of

YLR290C for efficient de novo Qs biosynthesis (12), the protein was renamed ‘Coqll’.
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Although it is clear that Coqll associates with the CoQ synthome, the functional roles,

organization, and stoichiometry of Coql1 within the CoQ synthome are not yet understood.

Numerous features of Coqll and its homologs solidify its link to Qe biosynthesis. In
several fungal genomes, Coqll and Coql0O have evolved as fusion proteins (12). When two
proteins are encoded as fusions they often exist within the same biological pathway or may
directly interact with one another (13). The cog/0A mutant is unique among cog mutants because
it has decreased de movo Qs biosynthesis in log phase, yet produces near wild-type
concentrations of Q¢ in stationary phase (14,15). The deletion of COQ10 causes sickly growth on
respiratory medium and decreased antioxidant protection by Qg indicated by cogl0A sensitivity
to lipid peroxidation initiated by exogenously supplemented polyunsaturated fatty acids (PUFAs)
(14-16). We have recently demonstrated that respiratory deficiency, sensitivity to lipid
peroxidation, and decreased Qg biosynthesis of the cog/0A mutant are rescued by deletion of
COQ11 (17). Immunoblotting demonstrated that cog/ /A yeast accumulate increased amounts of
certain Coq polypeptides and possess a stabilized CoQ synthome, that rescues the Coq
polypeptides and CoQ synthome decencies of the coq/0A mutant (17). This relationship between
Coql0 and Coql1 has implications about the role of Coqll as a negative modulator of Qs

biosynthesis within the mitochondria.

Sequence analyses additionally reveal that Coql1 is a member of the atypical short-chain
dehydrogenase/reductase (SDR) superfamily of oxidoreductases that catalyze an assortment of
reactions including isomerization, decarboxylation, epimerization, imine reduction, and
carbonyl-alcohol oxidoreduction (18). SDR superfamily proteins contain a conserved Rossmann

fold structural motif used in the binding of nucleotide co-factors such as FAD, FMN, and
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NAD(P) (19). The crystal structure of Pseudomonas aeruginosa UbiX (PA4019), an enzyme
catalyzing the decarboxylation in Q biosynthesis in combination with UbiD, contains a
Rossmann fold with a bound FMN (20). The structure of Padl, a paralog of E. coli UbiX with
51% identity, similarly includes a Rossmann fold in complex with FMN (21). Although the
crystal structure of Coql1 remains unsolved, perhaps the Rossmann fold in Coql1 analogously
catalyzes an FMN-dependent decarboxylation in Qg biosynthesis. Intriguingly, the S. cerevisiae
homologs to UbiX and UbiD, Padl and Fdcl, participate in the same chemistry as phenylacrylic
acid decarboxylases (22,23). Padl and Fdcl have never been implicated to function specifically
as Qe biosynthetic decarboxylases thus far, yet it is tempting to suggest that Coql1 may work

together with these enzymes inside of the Qg biosynthetic pathway.

This study seeks to further understand the enzymatic function of Coql1 using a variety of
techniques. We have determined that coq/1 deletion has background specific effects on de novo
Qs production, and that Coqll, Padl, and Fdcl are not redundant decarboxylases in Qg
biosynthesis. We also detail the attempts to over-express and purify Coqll from E. coli; here we
describe methods and four distinct constructs, to provide useful information for future
purification attempts. Finally, Coql1 overexpression from several different plasmids was found
to be intolerable to yeast cells. These results represent crucial steps towards the identification of

the function of Coql1.
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EXPERIMENTAL PROCEDURES

Yeast strains and growth medium

S. cerevisiae strains used in this study are described in Table 1. Yeast strains were
derived from S288C (BY4742; (24)) or W303 (25). Growth media for yeast included YPD (2%
glucose, 1% yeast extract, 2% peptone), YPG (3% glycerol, 1% yeast extract, 2% peptone) and
YPGal (2% galactose, 1% yeast extract, 2% peptone, 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%
(NH,),S0O,, 0.14% NaH,PO,, 2% dextrose, complete amino acid supplement, or amino acid
supplement lacking uracil) were prepared as described (26). Drop out dextrose (DOD) medium

was prepared as described (12). Solid media contained additional 2% Bacto agar.

COQ11 was disrupted in previously created padlAfdciIA double mutants in W303 and
BY4742 yeast genetic backgrounds, by the one-step gene replacement method (23,27). The
LEU2 gene from pRS305 was amplified by polymerase chain reaction (PCR), with COQ11
upstream  and  downstream  flanking  sequences  using the  primers = 5’-
GGGAAATATGTATCGTATACAAAAATACAGCTAAAGCTTGAACTG-3’ and 3’-
GTACTTAACTATATACAGCTTGGTATAATTTTAAAATGGTAATAAC-5.
Transformations of PCR products into padlAfdciA double mutants in W303 and BY4742 yeast

cells were performed using the Li-acetate method (28).
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Generation of a Coq11 polyclonal antibody

A synthetic peptide-based antigen specific to the COQI1 ORF, consisting of the amino
acid sequence C- KKSKK EQEKA NQRSF —N, was designed by Cocalico Biologicals, Inc.
This peptide was injected into two different rabbits a total of four times to elicit an immune
response. Following bleed-out, antisera from both rabbits was diluted 1:500 in blocking buffer
(0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered saline) and used as a primary

antibody against the Coql1 polypeptide (16).

Yeast mitochondria isolation

Yeast cultures were grown overnight in 5 mL of YPD or selection medium to maintain
plasmid expression (SD—Ura). All pre-cultures were back-diluted with YPGal and grown
overnight at 30 °C with shaking (250 rpm) until cell density reached an Agg ~ 4. Spheroplasts
were prepared with Zymolyase-20T (MP Biomedicals) and fractionated as previously described
(29), in the presence of cOmplete™ EDTA-free protease inhibitor cocktail tablets (Roche),
phosphatase inhibitor cocktail set I (Sigma-Aldrich), phosphatase inhibitor cocktail set II
(Sigma-Aldrich), and PMSF (Fisher Scientific). Nycodenz (Sigma-Aldrich) density gradient
purified mitochondria were frozen in liquid nitrogen, aliquoted, and stored at —80 °C until further
use. Mitochondria protein concentration was measured by the Bicinchoninic acid (BCA) assay

(ThermoFisher Scientific).
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SDS-PAGE and immunoblot analyses for Coql1 protein expression

Purified mitochondria (25 pg) were resuspended in SDS sample buffer and separated by
SDS gel electrophoresis on 10% or 12% Tris-glycine polyacrylamide gels. Proteins were
transferred to a 0.45 pm PVDF membrane (Millipore) and blocked with blocking buffer (0.5%
BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered saline). Coql1 was probed with its
rabbit polyclonal antibody prepared in blocking buffer at a dilution of 1:500 (17). IRDye 680LT
goat anti-rabbit IgG secondary antibody (LiCOR) was used at a dilution of 1:10,000. Coql1 was

visualized using a LICOR Odyssey Infrared Scanner (LiCOR).

Cloning of Coqll and Coqll-tagged constructs for overexpression in bacteria using

Gateway

Plasmids used in this study are listed in Table 2. The generation of a Coql1 bacterial
overexpression vector for subsequent protein purification and structural characterization was first
attempted using the Gateway™ system (Invitrogen). Briefly, the COQI1 ORF was PCR
amplified from yeast genomic DNA using primers 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCgagaatctttattttcagggcGGCGGGGGCGGG

ATGATACCAAAGCTTATAGTTTTTGGAGGCAATGG-3’ and 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTGTCATTATGCTTTAAGTATTTCCTCAAG

TGTAACTACCCC-3’ into the pDONR221 vector (Invitrogen) with attB1/2 sequences
(underlined). The forward primer contains a TEV site (lower case) for cleavage of protein tags,
and a glycine linker (bold). Following generation of the entry clone, the gene of interest was

recombined into the pDEST17 vector allowing inducible overexpression of 6xHis-tagged Coql1,
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HCI11 (Invitrogen). HC11 was transformed into DH5a competent E. coli cells (ThermoFisher)
and single colonies were selected on LB plates with 100 pg/mL ampicillin incubated at 37 °C

overnight. Correct clones were confirmed by DNA sequencing (Laragen).

Three additional Coql1 bacterial overexpression constructs were then constructed using
Gibson Assembly (NEB). The COQI1 ORF was PCR amplified from pRS426COQ1] and

cloned into either linearized pETSUMO (ThermoFisher) using the primers

5’-gaggctcacagagaacagattggtggt ATGATACCAAAGCTTATAGTTTTTGGAGGC-3’ and

3’-cactttgcgccgaataaatacctaagettgtctttaT TATGCTTTAAGTATTTCCTCAAGTGTAACTA-S’ to

produce HSC11,

or linearized DCLIC (ThermoFisher) using the primers

5’-gctaaagcttgaactgaagtagaaa ATGGGCAGCAGCCATCACCATCATCACCACAG-3’ and

3’-ctataagctttggtatcat ACCCTGGAAATACAAATTTTCGC-5" to produce HMCI1. The
pETSUMO vector produces a 6xHis- and SUMO-tagged proteins for overexpression in bacteria.
Generation of the DCLIC bacterial coexpression vector was performed by Dr. Lukas Susac in the
lab of Professor Juli Feigon UCLA. DCLIC was created by cloning into the pETDuet vector
(Sigma Aldrich) from the Ncol and Xhol site, and contains a 6xHis and GFP sequence for dual
protein expression with GFP. However, HMCI11 contains the COQ/1 ORF including its stop
codon to prevent GFP expression. HSC11 was transformed into DH5a competent E. coli cells
(ThermoFisher) and single colonies were selected on LB plates with 50 pg/mL kanamycin.

HMCI11 was transformed into DH5a competent E. coli cells (ThermoFisher) and single colonies

64



were selected on LB plates with 100 pg/mL ampicillin incubated at 37 °C overnight. Correct

clones were confirmed by DNA sequencing (Laragen).

His-MBP-Coq11-GFP (HMC11GFP) was constructed from HMCI11 to allow for the co-
expression of Coqll and GFP. Q5 Site Directed Mutagenesis (NEB) was performed using the

HMCI11 plasmid with the primers 5’-tttccagggtaaatctcttatcgacgtc-3” and

3’-tacaaattttc TGCTTTAAGTATTTCCTCAAG-5’, to mutate the Coql1 STOP codon from TAA
to a cleavable TEV site. HMCI11GFP was transformed into DH5a competent E. coli cells
(ThermoFisher) and single colonies were selected on LB plates with 100 pg/mL ampicillin

incubated at 37 °C overnight. Successful cloning was confirmed by DNA sequencing (Laragen).

Induction of Coq11 tagged constructs for overexpression in bacteria

Each of the following plasmids, HC11, HSCI11, HMCI11, and HMCI11GFP, was
transformed into E. coli BL21(DE3) (Invitrogen). The HCI11 culture was grown in LB with 100
pg/mL ampicillin at 37 °C to an Agyp = 0.6-0.8 before expression was induced with B-D
thiogalactopyranoside (IPTG). The HSC11, HMC11, and HMC11GFP constructs were grown in
M9 minimal media with appropriate selection at 37 °C to an Agpo = 0.6-0.8, and transferred to 18
°C for 1 h prior to induction with IPTG. Specific expression conditions for each plasmid are

listed in Table 3.
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Purification of HC11

Induction of protein expression was assessed by taking a sample pre- and post-induction
and visualizing eith commission stain prior to initiating each attempt at purification. Induced
cells expressing HC11 were harvested by centrifugation at 5,000 x g for 10 min at 4 °C and lysed
with sonication 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). Cell lysate was centrifuged at 10,000 x g for 45 min at 4 °C, at
which point the soluble and insoluble fractions were collected separately. The soluble fraction
was incubated for 2 h at 4 °C with Ni-NTA resin (Qiagen), pre-equilibrated overnight at 4 °C in
0.1 M NaH,PO4 0.01 M Tris-Cl, 6M Guanidine HCI, pH 8.0. The Ni-NTA bound with protein
were loaded into a gravity column, as washed three times with 2 column volumes (CV) of wash
buffer (20 mM imidazole in 50 mM NaH,PO4, pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM
DTT, and 0.1% Triton X-100). Protein was eluted from the Ni-NTA resin twice with 1.5 CV of

elution buffer (wash buffer with 500 mM imidazole).

Purification of HSC11 and HMC11

Induced cells expressing either HSC11 or HMC11 were harvested by centrifugation at
5,000 x g for 15 min at 4 °C. Pellets were resuspended in lysis buffer (50 mM Tris, 30 mM
NaCl, 3 mM NaNj3;, 30 mM imidazole, 10% glycerol, 0.1% Triton X-100), supplemented with
lysozyme, and lysed by sonication. Lysates were clarified by ultracentrifugation 25,000 x g for 1
h at 4 °C, filtered, and the supernatant was applied to the Ni sepharose affinity column (HisTrap

HP; GE Healthcare) by the AKTA purification system (GE Healthcare). Prior to application of
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the supernatant, the column was flushed with 5 CV dH,O followed by 5 CV wash buffer (50 mM
Tris pH 7.5, 5% glycerol, 1 M NaCl, 1 mM TCEP, 30 mM imidazole, 3 mM NaNj3) with a flow
rate of 5 mL/min. The soluble sample was purified using 5 CV of wash buffer and eluted from
the column with 5 CV of elution buffer (wash buffer supplemented with 300 mM imidazole).
About 1 mL of the eluate was collected based on the UV absorbance of the sample to ensure the

protein of interest was not diluted with excess buffer.

Purification of HMC11GFP

Induced cells expressing HSC11GFP were purified using a Ni sepharose affinity column
(HisTrap HP; GE Healthcare) by the AKTA purification system (GE Healthcare), as described
above. The eluates of HSC11GFP that showed visible signs of full-length protein expression,
fluorescing a green color, were pooled and concentrated with Amicon (Sigma). Concentrated
samples were further purified by size exclusion chromatography (SEC; HiLoad 26/600 Superdex

75; GE Healthcare). The protein peak concentrations were measured.

Analysis of Q¢ and Qg-intermediates

Yeast cultures were grown overnight in 25 mL of YPD. Cultures were diluted into
triplicates of 6 mL fresh medium to Agp = 0.5, and 5 mL were harvested by centrifugation once
they reached Agoo ~ 4. The cell density was recorded at the time of harvest, and cell pellets were
stored at —20 °C. Following collection, frozen cell pellets were lipid extracted in the presence of

the internal standard Q4 and analyzed for Q¢ and Qg-intermediates by LC-MS/MS as described
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(16). Standards of Qs and Q4 were obtained from Avanti Polar Lipids and Sigma-Aldrich,

respectively.

Stable isotope labeling for determination of de novo Q¢ and Qg-intermediates

Yeast cultures were grown overnight in 25 mL of YPD, DOD, or selection
(SD—Complete or SD—Ura) for strains harboring plasmids. Cultures were diluted in triplicates of
6 mL fresh medium to an Agop = 0.1. Cultures were incubated until they reached an Aggpo~ 0.5, at
which point ethanol vehicle control (0.1% vol/vol) or 5 pg/mL of the stable isotope *Cs-4HB
(Cambridge Isotope Laboratories, Inc.) was added. Cultures were allowed to grow over a period
of 5 h, and at each hour time point (including 0 h) 5 mL of each culture was harvested by
centrifugation, cell culture density was recorded, and pellets were stored at —20 °C. Cell pellets
were lipid extracted in the presence of the Q, internal standard and analyzed by LC-MS/MS as

described (16).

Construction of high-copy COQ11 yeast expression vectors

Two high-copy COQ11 containing plasmids were constructed using the pRS426 high-
copy empty vector. The COQII open reading frame and regions corresponding to 842 bp
upstream and 256 bp downstream, or the reverse of this sequence, were PCR amplified from
BY4742 yeast and cloned into pRS426 using Gibson Assembly (NEB). Primers were designed
using SnapGene (GSL Biotech, LLC). Clones were sequenced by Laragen, and successful
clones, along with the corresponding empty vector (pRS426) control, were transformed into wild

type and mutant yeast as described (30).
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RESULTS

The Coql1 polypeptide is detectable by a new Coql1 polyclonal antibody

Coq polypeptides serve important enzymatic roles in Qg biosynthesis and are crucial for
appropriate CoQ synthome formation (1,4). Deletion of certain COQ genes results in
destabilization of other Coq polypeptides, highlighting the functional relationship between Coq
proteins (31). Detection of Coq polypeptide levels is typically accomplished via immunoblotting
and use of primary antibodies against the protein of interest. Upon its identification as a member
of the CoQ synthome, Coql1 protein levels could only be probed indirectly using antibodies to a
tagged Coql1 isoform (12). Here, we have generated a novel Coql1 polyclonal antibody using a
synthetic peptide-antigen to a unique sequence in the COQI1 ORF (Fig. 1A). Antisera were

diluted 1:500 in SDS-PAGE blocking buffer, and evaluated for its ability to detect Coql1.

In wild-type yeast mitochondria Coql1 migrated at about 32 kDa (Fig. 1B). The antisera
consistently detected a doublet of bands at this molecular weight, and therefore coqlIA
mitochondria were included as a control to ensure the correct band corresponding to Coql1 was
detected. Mitochondria prepared from coqlIA showed a disappearance of the lower doublet
band, while Coql1-CNAP showed a slight upward shift of the Coql1 band, indicated by the red
arrow, corresponding to ~ 3 kDa increase in molecular weight due to the integrated protein tag
(Fig. 1B). The absent Coql1 polypeptide in the coq! A mutant was restored in yeast cogl /A cell
expressing the IcCOQ11 plasmid (Fig. 1B). These data demonstrate that the new Coql1 antibody

is capable of detecting Coql1 protein expression in yeast mitochondria.
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Coq11 purification from E. coli for subsequent enzymatic and structural characterization

remains challenging

Although it is clear that Coql1 associates with the CoQ synthome and is required for
efficient Qg biosynthesis, the functional role of Coqll within the Qg biosynthetic pathway has
yet to be realized (12). Sequence analyses revealed Coql1 as a member of the SDR superfamily
of oxidoreductases, which catalyze a variety of enzymatic reactions including isomerization,
decarboxylation, epimerization, imine reduction, and carbonyl-alcohol oxidoreduction (12,18).
SDR superfamily proteins possess a conserved Rossmann fold used in the binding of nucleotide
co-factors that assist in enzymatic reactions (19). In order to perform Coql1 enzymatic activity
assays, structurally characterize the protein, and identify any bound co-factors, we have

attempted to overexpress and purify Coql1 from E. coli.

Coql1 was initially tagged with a 6xHis motif (HC11) on its N-terminus (Fig. 2A). This
vector was tested for expression induction at different temperatures with varying concentrations
of IPTG (Fig. 2B). A strong band corresponding to HC11 expression appeared at 34 kDa with
induction using 4 mM IPTG at 37 °C for 2 h. However, only a small portion of the total HC11
resided in the soluble fraction following cell lysis by sonication (Fig. 2C). The soluble fraction
was loaded onto Ni-NTA resin and purification of HC11 was performed with a gravity column
(Fig. 2D). Several impurities remained following the purification, which were visualized in the

eluate (E) lane (Fig. 2D).

Often, creating a protein fusion with small ubiquitin-related modifier (SUMO) or
maltose-binding protein (MBP) in combination with 6xHis may increase protein solubility and

overall yield of purified protein product (32). Due to loss of HC11 in the insoluble fraction and
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difficulties isolating the protein with a simple purification workflow, both His-SUMO-Coql1
(HSC11) and His-MBP-Coqll (HMC11) were generated to improve protein solubility and
production (Fig. 3A,C). Optimal induction conditions for both constructs were evaluated and
each was purified using the AKTA purification system (Fig. 3B, D). Because HSC11 was almost
entirely insoluble purification was not successful (Fig. 3B). A portion of HMC11 was present in
the soluble fraction of the lysate, and had a low recovery in the eluate following purification
(Fig. 3D). There was also a considerable amount of suspected protein truncation products and
contamination in the eluate of HMCI11, encompassing the multiple bands below the band of
interest (Fig. 3D). We hypothesize that protein truncation occurred because of the high levels of
HMCI11 expression triggering the E. coli to degrade the protein. Alternatively, degradation could

be happening during the purification itself.

To distinguish full-length HMCI11 from degradation products, a new construct was
created to produce a read-through Coqll protein fusion with green fluorescent protein
(HMC11GFP) (Fig. 4A). This novel co-expression plasmid fluoresced a green color only when a
full protein is produced. Expression induction gave a cell pellet with a distinctly green color (Fig.
4B). The cell pellet was lysed by sonication and the soluble fraction was purified using the
AKTA purification system (Fig. 4C). Despite the presence of several assumed degradation
products in the eluate, there was a prevalent band at the expected molecular weight for
HMCI11GFP (~ 103 kDa) (Fig. 4C). Eluates were pooled, run on a size-exclusion column (SEC),

and several fractions were evaluated for the presence of HMC11GFP (Fig. 4D).

Because fractions 10-32 had varying levels of green fluorescence, an aliquot of every-

other fraction in this range was visualized using SDS-PAGE (Fig. 4D). Fractions 10-18 were
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slightly green, 20-22 were not very green, while 28-32 were extremely green. Based on UV-
analysis of each of these fractions, it seems that 28-32 contain solely GFP with a strong 395 nm
absorbance (data not shown). The most predominant band in these fractions has a molecular
weight of ~ 27 kDa, corresponding to GFP (Fig. 4D). While fractions 10 and 12 also have a large
395 nm absorbance, the levels become incrementally lower in fractions 14-22 (data not shown).

This information nicely reflects the results depicted in Fig. 4D. The full-length
HMCI11GFP is present in the upper band in fractions 10-22 (Fig. 4D). The band is steadily
decreasing with increasing fraction number, mirroring the decrease in GFP absorbance in these
fractions. We suspect that the most prominent band in fractions 14-20 corresponds to a truncated
version of the full-length HMCI11GFP that is being degraded from the C-terminus (Fig. 4D),
therefore missing GFP and not producing a strong green color nor exhibiting typical GFP UV-
absorbance. This band also may contain N-terminal truncation products missing MBP. Although
this construct appears to provide the most promising Coql1 purification products, there is still
significant work needed in order to have a product pure enough for enzymatic assay and/or
structural studies. It should be noted that the expression from each construct has not yet been

tested on protein extracts using the Coql1 antibody.

Deletion of COQ11 has a greater effect on de novo Qg biosynthesis in the BY4742 genetic

background compared to the W303 genetic background

Previous work determined that coq//A mutants produce significantly less de novo Qs
compared to wild type in the S. cerevisiae BY4741 genetic background (12). In the same study,

Coql1-CNAP in W303 yeast was found to associate with several Coq polypeptides components
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of the CoQ synthome (12). It is important to investigate the role of genes in multiple genetic
backgrounds of yeast because the strains differ greatly—Coqll may be required for proper Q
biosynthesis in one background but not in the other (1). In order to confirm the requirement of
Coql1 in Qs biosynthesis in both BY4742 and W303, whole cell de novo synthesized *Cg-Qs
and '°C-Qs were measured in cogl/I/A mutants in each genetic background by feeding the
quinone ring-labeled precursor, “C¢-4HB (Fig. 5). These analyses were performed in the

minimal drop-out dextrose (DOD) media to match the conditions of the published results (12).

Consistent with prior results (12,17), the coglIA BY4742 mutant produced significantly
decreased de novo synthesized *C¢-Qg and '>C-Qs compared to wild type (Fig. 5D,E). The
coqlIA mutant in the BY4742 genetic background also had lower total Qs content (°Cg-Qg +
12C-Qs) than wild type (Fig. 5F). In contrast, the cog/ /A W303 mutant produced only slightly de
novo synthesized °Cy-Qs and '?C-Q4 compared to wild type, often not to a level of significance
(Fig. 5A,B). Total Qs content (’Cs-Qs + '*C-Qs) was not significantly lower in coglIA
compared to wild type (Fig. 5C). These results demonstrate that there are significant genetic
background differences in the role of Coqll in Qg biosynthesis. Perhaps there is a Coqll
redundancy in W303 that is not present in BY4742, or W303 may simply be a more robust

background than BY4742.

Coq11 is not a redundant decarboxylase to Padl and Fdcl

The challenges with Coql1 purification coupled with its background specific effects on
Qs biosynthesis has made Coqll characterization difficult. As mentioned previously, one

potential function of Coql1 lies in its sequence similarities with the SDR superfamily of proteins
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that contain a Rossmann fold used to catalyze a variety of enzymatic reactions (12). It is possible
that Coql1 may use its Rossmann fold to catalyze an FMN-dependent decarboxylation reaction
in Qg biosynthesis. The production of small amounts of Qg in cog/ /A mutants suggests that there
may be redundant decarboxylases in the Qs biosynthetic pathway capable of bypassing Coqll
(Fig. 5). We hypothesized that these enzymes might be Padl and Fdcl, two phenylacrylic acid
decarboxylases with homology to the E. coli Qg biosynthetic decarboxylases UbiD and UbiX

(Fig. 6A) (22,33).

It has been previously shown that padIA, fdciIA, and padlAfdciIA mutants all contain
normal Qg levels in S. cerevisiae W303 and YPH499 (23,34). A padlAfdciAcoglIA triple
mutant was generated in both W303 and BY4742 yeast and de novo Qg production was
determined to assess whether Padl, Fdcl, and Coqll are redundant decarboxylases in Qg
biosynthesis (Fig. 6 and Fig. 7). The padlAfdciA BY4742 mutant produced slightly decreased
de novo synthesized *C¢-Qs and '>C-Q4 compared to wild type over five hours (Fig. 6B,C). The
inconsistency with prior results may be explained by the use of minimal media here compared
with rich media, and the background differences in BY4742 yeast (23). Although coglIA
BY4742 had significantly decreased de novo synthesized *Cs-Qg and '*C-Q4 compared to wild
type over five hours, the padlAfdciAcoqlIA BY4742 triple mutant had intermediate de novo
synthesized *C4-Qs and '>C-Qg to coglIA and padlAfdcIA (Fig. 6B,C). There was similar trend

of padlAfdc1Acoql 1A BY4742 intermediate total Qg content (°Ce-Qs+ *C-Qs) (Fig. 6D).

Due to the minimal effect of COQI1 deletion on W303 Qg biosynthesis (Fig. 5),
additional experiments were conducted with a padlAfdcIAcogqlIA W303 triple mutant to

complement the results in the BY4742 genetic background (Fig. 7). Consistent with previous
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results (23), padlAfdc1A W303 produced a similar amount de novo synthesized *Cs-Qs and '*C-
Qg compared to wild type over five hours (Fig. 7A,B). Because the cog/ /A W303 mutant had no
difference in de novo synthesized *C¢-Qg and '*C-Qs compared to wild type over five hours
(Fig. 7A,B), the padlAfdcIAcoqlIA BY4742 triple mutant also produced similar de novo
synthesized *Cg-Qg and *C-Qg to coglIA, padlAfdcIA, and wild type (Fig. 7A,B). There was
also no difference between the W303 mutants and wild type total Qs content (*Ce-Qs + *C-Q)
(Fig. 7C). Ultimately, these results demonstrate that Coql1, Padl, and Fdcl are not redundant
decarboxylases within the Qg biosynthetic pathway, or there is yet another redundant

decarboxylase involved in this step of Q¢ synthesis.

Coql1 overexpression in the coql1A mutant has been unsuccessful

Coqll has been effectively expressed on a low copy plasmid (IcCOQ11, Fig. 1B), and
was shown to rescue de novo Qg biosynthesis in cogl /A mutant yeast (17). Because the deletion
of COQI1 is beneficial to the mitochondria causing increased amounts of several key Coq
polypeptides, a stabilized CoQ synthome, and increased respiration and mitochondrial Qs content
in the context of a coglIA mutant (17), we hypothesized that Coql1 overexpression might be
detrimental to the cell. Coql1 was overexpressed using the pRS426 vector and transformed into
coqlIA yeast (pRS426COQ11) along with the empty vector control (pRS426) (Table 2). Whole
cell de novo synthesized *C4-Qs and 'C-Qg were measured in the cogl A mutant or wild type
cells expressing either empty vector or pRS426COQ11 (Fig. 8A,B). Total Qg content (*Cg-Qg +

"2C-Qs) was not rescued in coglIA expressing pRS426COQI1 versus coqlIA harboring the
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empty vector (Fig. 8A). Yet, mitochondria purified from coqlIA + pRS426COQ11 yeast had no

detectable amounts of Coql1 protein (Fig. 8B).

In an attempt to truly overexpress Coqll, the same DNA sequence of COQII from
pRS426COQ11 was cloned into pRS426 again, but in the reverse direction to produce
pRS426COQ1 Irev (Table 2). Again, total Qs content (*Cs-Qs + '*C-Qs) was not rescued in
coqlIA expressing pRS426COQ1Irev (Fig. 8C) while mitochondria purified from coglIA +
pRS426COQ1 Irev yeast also had no detectable amounts of Coql1 protein (Fig. 8D). Based on
this data, Coql1 appears to be toxic to cells at high levels, causing it to be quickly degraded.
Another explanation for these results is that Coql1 expression from this plasmid requires key

regulatory elements that are outside of the cloned region.

Coq11 overexpression no effect on Qs content in wild-type yeast

Several Coql1 yeast expression constructs were generated and used to transform W303
yeast (Table 2, Fig. 9A): Integrated low copy Coqll under control of its own promoter
(pCOQ11/ST1), high copy Coqll under control of its own promoter (pCOQ11/ST3), and
integrated under control of the Gal promoter (pGal/COQI11). Whole cells expressing each
plasmid showed no difference in Qs amount compared to wild type (Fig. 9B). While the
pGal/COQ11 strain did show high Coql1 protein levels, the majority of the strains showed no
marked increase in Coql1 expression (Fig. 9C), as seen in overexpression attempts using the
pRS426 vector (Fig. 8B, D). It will be interesting to determine how Coql1 overexpression from

integrated pGal/COQ1 1 effects Coql1 protein levels and Qg content in the cog/ /A mutant.

76



DISCUSSION & FUTURE DIRECTIONS

Genetic and biochemical experiments have recently determined that Coqll associates
with the CoQ synthome and is required for efficient de novo Qg biosynthesis (12). Here, we
present several strategies to characterize the specific role of Coql1 within the Qg biosynthetic
pathway. A polyclonal antibody has been developed that precisely recognizes epitopes on the
Coqll polypeptide (Fig. 1). This antibody has thus far been used to localize Coql1 within a
discrete mitochondrial sub-compartment, determine protein levels in various mutants, and map
the position of Coql1 within high molecular weight complexes (16,17). Future studies will have

the capacity to show how Coql1 protein is effected in different strains and conditions.

Allan et. al discovered that Coql1 co-purifies with several Coq polypeptides in W303
yeast, yet experiments regarding the necessity of Coql1 for efficient de novo Qs biosynthesis
were performed in BY4741 yeast (12). In fact, deletion of COQ11 causes a greater defect in Qg
biosynthesis in BY472 yeast compared with W303 yeast (Fig. 5). S. cerevisiae lab strains of
different genetic backgrounds often vary in crucial properties including cell size, cell volume,
robustness of growth on non-fermentable medium, salt tolerance, plasma membrane potential,
and mitochondrial respiratory activity (17,35,36). Although Coqll associates with the Qs
biosynthetic machinery in W303, it appears to have a less direct role in the production of Qg in
this genetic background. One explanation for this observation is that the robustness of the W303
strain outcompetes the effects of cog// deletion on W303 Qg biosynthesis. The coqlIA BY4742

mutant may be unable to efficiently synthesize Qs due to an unknown catalytic, structural, or
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transportation role Coql1 plays. However, this role is not a vital in W303, perhaps because this
background is able to compensate for the loss of the Coqll polypeptide via other proteins or
another form of regulation, despite both BY4742 and W303 having identical COQ1I1 genetic
sequences. This is consistent with previous findings indicating that absence of COQII is
beneficial for cellular respiration, and increases the stability of several Coq polypeptides and
overall CoQ synthome formation, in the context of a coq/0A BY4742 mutant (17). If Coql1 is a
negative regulator of Qg, it follows that its deletion would not provide further benefits in a more
vigorous cell line such as W303. We thus recommend continuing studies of Coqll use the
BY4742 yeast genetic background. Additionally, it may be interesting to study Coql1 in other
yeast genetic backgrounds where its requirement in Qs biosynthesis has yet to be studied,

including JM46 and CEN.PK.

Coql1 resides in a protein cluster defined largely by taxonomy with the SDR superfamily
of proteins (12). This diverse family of oxidoreductases typically contain a conserved Rossmann
fold that is used to bind nucleotide cofactors and carry out enzymatic reactions, including
decarboxylations (19). Intriguingly, no enzyme is currently associated with the catalysis of the
decarboxylation step in Qs biosynthesis. Coql1 overexpression and purification was carried out
to reveal whether it possessed a conserved Rossmann fold capable of carrying out the
decarboxylation of Qg-intermediates and driving Qs biosynthesis (Figs. 2, 3 & 4). These
purifications schemes have utilized various protein fusion tags including 6xHis, SUMO, MBP,
and GFP. In each case, solubility of the fusion proteins overexpressed in E. coli has presented

challenges. Coql1 has been previously localized as a mitochondrial inner membrane protein,
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facing the matrix side (17). Coql1 mitochondrial membrane localization, in addition to the low

abundance of Coq polypeptides, are potential explanations for Coql1 purification difficulties.

The most promising candidate for Coql1 purification from E. coli seems to be the 6xHis-
MBP-Coql1-GFP (HMCI11GFP) construct (Fig. 4). Full-length Coql1 was distinguished from
truncation products, resulting from degradation during the purification process, using a GFP
fusion protein that only fluoresced in the presence of read-through Coql1. However, there were
still significant degradation contamination products present following SEC of the purified
protein mixture (Fig. 4D). These degradation products need to be confirmed via immunoblotting
with the Coql1 antibody. Future HMC11GFP purification strategies will include TEV cleavage
from the two TEV sites within the fusion protein—following the 6xHis-MBP tag on the Coql1
N-terminus and preceding the GFP on the Coql1 C-terminus, with TEV protease applied only to
SEC fractions most likely to contain HMCI11GFP. Reverse immobilized-metal affinity
chromatography (IMAC) may then be used on the cleavage product to isolate purified Coqll
from the severed fusion tags. Alternative purification attempts may be conducted using Coql1
overexpression constructs directly in yeast or other organisms, where the protein could be more

stable than when it is expressed from E. coli.

Phylogenetic analyses suggest that Coqll may use its Rossmann fold to catalyze
decarboxylation in yeast Qg biosynthesis (12). The difficulties encountered during Coqll
purification shifted our focus from direct decarboxylation studies to evaluating Qg production of
various mutants in the absence of COQII. We hypothesized that Coqll may work in
conjunction with the phenylacrylic acid decarboxylases Padl and Fdcl to perform FMN-

dependent decarboxylation (Figs. 6 & 7), similar to the reaction mechanism of UbiX and UbiD
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in E. coli Q¢ biosynthesis (22,34,37). Despite a clear decrease compared to wild type, there was
still some level of de novo Qg biosynthesis in the padlAfdciAcoqllA BY4742 triple mutant
(Fig. 6). Padl and Fdcl work cooperatively outside of the Qs synthetic pathway to increase
cinnamic acid, ferulic acid, para-coumaric acid and caffeinic acid decarboxylase activity in S.
cerevisiae (38). Perhaps these proteins and Coql1 play an ancillary role to modify alternative Qg
ring-precursors that feed into the pathway, including para-coumarate (1,39). This theory parallels
the observation that the padlAfdcIAcoqllIA BY4742 triple mutant has increased total Qg
compared the coql /A BY4742 single mutant (Fig. 6). In the absence of Padl and Fdcl1, the cell
is required to push through the more efficient route to Q¢ biosynthesis using a distinct 4-HB
precursor (1), resulting in increased de novo Qg biosynthesis. Alternatively, Padl and Fdcl may
not partake in any facet of Qs production, and Coql1 could have a relationship with an additional
redundant decarboxylase that supplements its function. This is not completely consistent,
however, with data showing that Padl expression from a plasmid complements the E. coli ubix
mutant (34). Fdcl has not yet been tested for its ability to rescue the E. coli ubiD mutant and

these experiments will be the subject of future work.

Another possible functional role of Coql1 relates to the recent finding that Coqll is a
negative modulator of Qg production (17). Expression of single-copy Coqll on a plasmid
rescued Coqll protein expression and de novo Qs production in a coglIA mutant (17). In
contrast, several attempts at Coql1l overexpression from a plasmid have proved unsuccessful
rescuing Qs production or Coqll protein expression, other than pGAL/COQII showing
prominent overexpression in wild-type cells (Figs. 8 & 9). The pGAL/COQ11 construct has not

yet been tested for its ability to restore Qg biosynthesis or Coql1 protein expression in a coql A
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mutant. Absence of Coqll protein signal in Coql1l most overexpression conditions suggests
one of three options, 1) the plasmids were missing regulatory features that are required for proper
Coql1 expression, 2) Coql1 overexpression is toxic and therefore the cell is quickly degrading
it, or 3) high-copy Coqll is exerting a dominant negative effect. The first explanation seems
unlikely since the exact same nucleotide sequence was used for Coql1 single-copy expression on
pRS316, and produced a strong Coqll signal (17). Upcoming experiments will employ
alternative overexpression plasmids and use DNA sequences with larger flanking regions
surrounding the COQI1 ORF, to further rule out this possibly. Alternatively, it would be
interesting to clone only the COQI1 ORF into the pRCM vector where it would be under control
of the CYCI promoter, and properly imported into the mitochondria via the Coq3 mitochondrial

leader sequence (40).

Formation of the CoQ synthome is a delicate process that may be disrupted by deletion of
certain Coq polypeptides and other proteins (15,16,31,41), or stabilized by overexpression of
other Coq polypeptides (42,43). If high levels of Coqll are toxic to the cell and degraded
immediately, or if Coqll overexpression is dominant negative, the CoQ synthome will be
dysregulated. The observation that coq/IA + various COQI1 overexpression plasmids still
produce low levels of Qg is not consistent with this theory (Figs. 8 & 9); however, there may be
compensatory mechanisms at work that allow minor amounts of CoQ synthome formation and
Qs production, prior to degradation. The findings presented here demonstrate that while progress
has been made towards characterization of Coql! function, stoichiometry, and protein partners

within the Q4 biosynthetic pathway, there are still important studies to be performed.
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Table 1. Genotype and source of yeast and E. coli strains.

Strain

Genotype/Specifications

Source

S. cerevisiae

W303-1B

BY4742

IM6

IMS8

BY4742 coql 1A

BY4742 padlAfdcIA

BY4742 coql1ApadlAfdciA

W303 coqlIA

W303 Coql1-CNAP

W303 padilAfdciA

MAT o ade2-1 his3-1,15 leu2-3,112trpl-1 ura3-1
MAT a his340 leu240 met1540 ura340

MAT a his-4 p’

MAT a ade-1 p°

MAT o his340 leu240 met1 540 ura340

coqll::LEU2

MAT o his340 leu240 met1 540 ura340

padl::HISS fdcl::HIS5

MAT o his340 leu240 met1 540 ura340

coqll::LEU2 padl::HISS fdcl::HIS5

MAT o ade2-1 his3-1,15 leu2-3,112trpl-1 ura3-1

coqll::LEU2

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

coql1::COQ11-CNAP-HIS3

MAT o ade2-1 his3-1,15 leu2-3,112trpl-1 ura3-1

padl::HISS fdcl::HIS5

R. Rothstein®

(24)

(44)

(44)

This work

(23)

This work

This work

(12)

(23)
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Table 1. Genotype and source of yeast and E. coli strains. (Cont.)

Strain Genotype/Specifications Source

W303 coqllApadl AfdcIA MAT o ade2-1 his3-1,15 leu2-3,112trp1-1 ura3-1 This work

coqll::LEU2 padl::HISS fdcl::HIS5

E. coli
BL21(DE3) One Shot™ BL21(DE3) Chemically Competent Invitrogen
DH5a Subcloning Efficiency™ DH5a Competent Cells ThermoFisher

Dr. Rodney Rothstein. Department of Human Genetics, Columbia University.
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Table 2. Yeast and bacterial expression vectors.

Plasmid Genotype/Specifications Source

1cCOQ11 Yeast shuttle vector pRS316 with yeast COQ11; a7
low-copy

pRS426 Yeast shuttle vector; multi-copy (45)

pRS246COQ11 Yeast shuttle vector pRS426 with yeast COQ11; This work
high-copy

pRS426COQ11rev Yeast shuttle vector pRS426 with reverse yeast This work
COQ11; high-copy

pDEST17 Bacteria Gateway™ destination vector; Inducible J. Torres”
overexpression of 6xHis-tagged proteins

HC11 Bacterial vector pDEST17 with yeast COQ11 This work

DCLIC Bacterial coexpression vector with GFP; Created by J. Feigon®
cloning into pETDuet vector (EMD Biosciences)
from Ncol and Xhol sites

HSC11 Bacterial expression vector pETSUMO with Hise- This work
SUMO-COQ1I11

HMCI11 Bacterial coexpresison vector DCLIC with Hise- This work

MBP-COQ11
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Table 2. Yeast and bacterial expression vectors. (Cont.)

Plasmid Genotype/Specifications Source

HMC11GFP Bacterial coexpresison vector DCLIC with Hisg- This work
MBP-COQ11-GFP

pCOQI11/ST1 Yeast shuttle vector YIp352 with yeast COQ11; M. Barros*
low-copy

pCOQ11/ST3 Yeast shuttle vector YEp352 with yeast COQ11, M. Barros*
high-copy

pGal/COQ11 Yeast shuttle vector YIp351-GAL with yeast M. Barros*
COQ11; high-copy

pDONR221 Gateway™ entry vector J. Torres”

pETSUMO Bacterial vector for inducible expression of N- J. Feigon®

terminally 6xHis- and SUMO-tagged proteins

®Dr. Jorge Torres. Department of Chemistry & Biochemistry, UCLA.

‘Dr. Juli Feigon. Department of Chemistry & Biochemistry, UCLA.

Dr. Mario Barros. Departamento Microbiologia, Universidade de Sio Paulo.
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Table 3. Final expression induction conditions for indicated bacterial Coq11 plasmids.

Plasmid [IPTG] Temperature Length (time)
HCI11 4 mM 37°C 2h
HSC11 0.5 mM 18 °C 18 h
HMCI11 0.5 mM 18 °C 18 h
HMCI11GFP 0.5 mM 18 °C 18 h
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Coq11 (32 kDa)—

Figure 1. A polyclonal Coql1 antibody is able to detect the Coql1 polypeptide in isolated
mitochondria (17). A, A synthetic peptide-antigen corresponding to a segment of the Coqll
polypeptide was injected into rabbits for the production of a polyclonal antibody. Following
several injections, antisera was received and tested for its ability to detect the Coql1 protein in
yeast. B, Aliquots of purified mitochondria (25 pg) isolated from wild type, Coql1-CNAP,
coqliA, and coqlIA + 1cCOQI1 were separated on a 10% Tris-Glycine SDS-PAGE gel to
determine whether the new Coqll antisera was able to detect the presence of Coqll. The
position of Coql1 (32 kDa) and Coql1-CNAP (35 kDa) are indicated by black and red arrows,

respectively.
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HC11 (~34 kDa)—
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Figure 2. A representative purification scheme of His-Coq11 suggests that this construct is
not sufficient for large-scale Coqll purification without impurities. 4, The COQI11 ORF
including a 6xHis tag (HC11) on its N-terminus was cloned into the pDEST17 vector as
described in Experimental Procedures. B, Coqll expression was induced with IPTG under
various conditions to evaluate Coql1 overexpression. C, Coql1 expression was induced (4 mM
IPTG, 37 °C, 2 h) and the presence of HCI11 in either the soluble or insoluble fractions of the
clear lysate was evaluated. D, HC11 was purified over a Ni-NTA gravity column; FT, column
flow through; W, wash 1-3; E, eluate. An aliquot of 5 uL sample was loaded into each lane, and
separated on 12% SDS-PAGE. The gel was subsequently stained with Coomassie and destained

for visualization.
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HMC11 (~74 kDa)—

HSC11 (~43 kDa) —

Figure 3. His-Coql1 tagged in combination with either SUMO or MBP does not improve
Coql1 purification yield and results in truncated protein products. The COQ// ORF was
cloned into the pETSUMO or DCLIC vectors (Experimental Procedures, Table 2) as a protein
fusion with 4, SUMO or C, MBP, to increase overall protein expression and solubility. B & D,
Each plasmid was expressed (0.5 mM IPTG, 18 °C, O/N) and purified from 2 L of E. coli by
application to an Ni-NTA column via an AKTA chromatography system; FT, column flow
through; E, eluate. An aliquot of 5 pL. sample was loaded into each lane, and separated on 12%

SDS-PAGE. The gel was subsequently stained with Coomassie and destained for visualization.
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Figure 4. Protein purification of MBP-Coql11-GFP results in similar protein truncation
products that are challenging to circumvent. 4, Final Coql1 purification construct attempted,
His-MBP-Coql1-GPF (HMCI11GFP). B, The protein is expressing GFP and harvested cells have
a distinctly green color. C, The plasmid was expressed (0.5 mM IPTG, 18 °C, O/N) and purified
from 2 L of E. coli by application to an Ni-NTA column via an AKTA chromatography system;
FT, column flow through; W, wash; E, eluate. D, The pooled elutes from ‘B’ were run on SEC,
individual fractions were collected, and 5 pL from each fraction was loaded and separated on

12% SDS-PAGE. The gels were subsequently stained with Coomassie and destained for

visualization.
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Figure 5. Deletion of COQ11 has a greater effect on de novo Qs production in the BY4742
genetic background compared to the W303 genetic background. Triplicates of 6 mL cultures
in DOD minimal medium were grown to Agoo~ 0.5 and labeled with 5 pg/mL *C¢-4HB. At hour
intervals from 0 — 5 h, 5 mL of each culture was collected, lipid extracted, and analyzed by LC-
MS/MS. 4 & D, Unlabeled *C-Qs; B & E, De novo synthesized *Ce-Qg (blue); and C & F, Total
amount of Qg determined from the sum of *C4-Qg and '*C-Qs, were measured from the whole-
cell lipid extracts of wild type and coql /A mutants in both the W303 (4-C) and BY4742 (D-F)
genetic background. The values are the mean of three replicates. The data show mean + SD, and
the statistical significance as compared to wild type is represented by *p < 0.05, **p < 0.01,
**%p < 0.001 and ****p < 0.0001. The ‘ns’ denotation signifies that values are not significantly

different than wild type.
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Figure 9. Coql1 low-copy and high-copy expression from three different constructs in
W303 wild type yeast does significantly effect Qs production. 4, Three plasmids were
constructed to express Coql 1; Low-copy, integrated (pCOQ11/ST1); High-copy (pCOQ11/ST3);
and high-copy under control of the Gal promotor (pGal/COQ11), integrated. B, Triplicates of 6
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LC-MS/MS for Qg content. The values are the mean of three replicates. The data show mean +
SD, and the statistical significance as compared to wild type is represented by **p < 0.01. C,
Aliquots of purified mitochondria (25 pg) from the aforementioned strains were isolated in
YPGal medium and were separated on 10% Tris-Glycine SDS-PAGE gels to determine Coql1

protein expression.
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CHAPTER 4

Deficiency in phosphatidylethanolamine methyltransferase increases Q¢ content and has

beneficial effects on the CoQ synthome
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ABSTRACT

Coenzyme Q (Q,) is a hydrophobic biomolecule consisting of a fully-substituted
benzoquinone ring and a polyisoprenoid tail. Redox-active Q, is the only endogenously
synthesized lipid antioxidant, and is responsible for mitochondrial bioenergetics as a key player
of the electron transport chain. In humans, patients unable to produce adequate levels of Qo
display a wide variety of health issues often stemming from mitochondrial dysfunction. The most
productive treatment strategy available for Qjo deficiency is Q.o supplementation; while
beneficial in some cases, the poor solubility of Qo limits treatment efficacy. A more
comprehensive understanding of Qjo uptake and assimilation, as well as endogenous
biosynthesis, will greatly improve Qo therapeutics. Previously, Dr. Anita Ayer conducted a
large-scale screen of the Saccharomyces cerevisiae diploid homozygous knockout library for
mutants  displaying significantly different Qg content than wild type. Two
phosphatidylethanolamine methyltransferase gene deletion mutants, cho2 and opi3, were
identified to have considerably elevated amounts of Qg, with cho2A producing as much as a five-
fold Qg increase compared to wild type. In collaboration with Dr. Lucia Fernandez-del-Rio, we
revealed that both cho2A and opi3A yeast show normal amounts of Coq polypeptides, yet display
a stabilized CoQ synthome. Further, the cho2A mutant has increased Qs antioxidant protection
from exogenously added PUFAs. Our study demonstrates that Cho2 and Opi3 are novel

regulators of Q¢ homeostasis.
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INTRODUCTION

Coenzyme Q (Q,) is an essential redox-active lipid that mediates electron transport
during mitochondrial respiration (1). The oxidized quinone accepts electrons from NADH via
Complex I, or succinate via Complex II, and the reduced hydroquinone then donates these
electrons to Complex III to ultimately drive ATP synthesis (1,2). In this manner, Q, is an
electron acceptor for other enzymes involved in fatty acid f-oxidation, the oxidation of proline,
sulfide, and pyrimidine biosynthesis (3-5). The reduced hydroquinone additionally serves as an
important chain-terminating lipid soluble antioxidant, effective in quenching lipid peroxidative
damage forming within cellular membranes (6,7). These vital functions of Q, depend upon
proper synthesis and formation of its fully substituted benzoquinone ring with a species-specific
polyisoprenyl tail, where n designates the number of isoprenoid units (1).

Patients with partial defects in Qo biosynthesis suffer from mitochondrial dysfunction
resulting in such disease pathology as cerebellar ataxia, renal disease, cardiovascular
complications, respiratory dysfunction, and neurodegenerative diseases (6-8). The current
industry standard treatment to mitigate adverse symptoms of Qo deficiency are high doses of Qi
supplementation (7). However, absorption of orally supplemented Q)¢ is inefficient due to its low
solubility, resulting in limited disease recovery for most patients (7,9). Present research is
focused on developing novel Qo delivery strategies (10,11), or using alternative Q;o precursors
or by-pass molecules to enhance endogenous Qo biosynthesis (12,13).

In order to improve the therapeutic efficiency of Qo supplementation, the mechanisms of
its synthesis, uptake, distribution, and degradation within cells must be fully understood.
Saccharomyces cerevisiae is an excellent model for studies of Qo since many of the COQ genes

involved in Qo biosynthesis are functionally conserved between yeast and humans (1,14).
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Additionally, yeast retains the ability to survive via fermentation in the absence of Qg, has well
characterized molecular genetics, is highly genetically malleable, and is easy to maintain in
culture (15). A cohort of fourteen known enzymes participate in Qg biosynthesis in
Saccharomyces cerevisiae, many of which organize into a high molecular weight complex at the
mitochondrial inner membrane, known as the CoQ synthome (1,14). Deletion of essential COQ
genes (COQI-COQY) results in a loss of Qg synthesis, and a subsequent failure to respire on a
non-fermentable carbon source (1,2). While significant progress has been made in determining
the role of each enzyme in Qg biosynthesis, the function of several Coq proteins remains
uncharacterized (1,15).

Although Q, is found in all cellular membranes in yeast and humans, Q,
biosynthesis occurs exclusively within the mitochondria (1,2). The presence of Q, in membranes
distant from its site of synthesis indicates the existence of a transportation mechanism from the
mitochondria to other organelles (16,17). The assimilation of exogenously supplied Q, in yeast,
mice, and humans with Q¢ deficiencies, is evidence for additional transportation of Q, across the
plasma membrane and into the mitochondrial inner membrane (18,19). Recently, six novel S.
cerevisiae genes (CDCI10, RTSI, RVS161, RVS167, VPSI, and NAT3) have been identified as
necessary for efficient trafficking of Qs to mitochondria (Fernandez-del-Rio, et al., submitted).
However, these mechanisms of Q, transportation are largely unknown.

There are clearly large gaps in the scientific literature encompassing every aspect of Qg
homeostasis. Perhaps most glaring is the lack of information surrounding regulation of the
amount of cellular Qg; the Qg content in different cellular membranes must be communicated to
the Qg biosynthetic machinery in order to preserve optimal levels. To investigate Qs regulatory

mechanisms, Dr. Anita Ayer from the Stocker laboratory at the Victor Chang Cardiac Research
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Institute (Sydney, Australia), conducted a genome-wide screen of ~ 5,000 S. cerevisiae
homozygous diploid deletion mutants. Genes required for maintaining Qs homeostasis were
isolated by measuring Qs content in each mutant with HPLC-EC detection. This high-throughput
screen identified eight mutants displaying significantly lower Qg content, and 30 mutants
displaying significantly higher Qs content compared wild type. Among the mutants presenting
with increased Qs compared to wild type was cho2—a gene that encodes a methyltransferase that
catalyzes the first reaction in the conversion of phosphatidylethanolamine (PE) to
phosphatidylcholine  (PC)  (20). Successive methyltransferase reactions in  the
phosphatidylethanolamine methyltransferase (PEMT) pathway of PC biosynthesis are catalyzed
by Opi3 (21), which was also identified in Dr. Ayer’s genetic screen to produce higher content of
Q¢ (Fig. 1B). In this study, we evaluated the effect of the cho2A and opi3A mutants on Qs
biosynthesis, biosynthetic machinery, and Qs antioxidant protection. Our results demonstrate that

Cho2 and Opi3 are novel regulators of Qg biosynthesis in S. cerevisiae.
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EXPERIMENTAL PROCEDURES
Yeast strains and growth medium

The S. cerevisiae strains used in this study are listed in Table 1. Yeast strains were
derived from S288C (BY4743, BY4742, or BY4741 (22)), and were grown in synthetic defined
medium lacking pABA (6.7 g YNB-pABA/L (Sunrise Scientific), 2% glucose, 1X amino
acid/base solution) at 30 °C. The amino acid solution was diluted from a 1 L, 10X solution
prepared in H,O and filter sterilized, containing the following amino acids: Leucine (2.6 g),
lysine monohydride chloride (1.8 g), isoleucine (0.76 g), valine (1.2 g), tryptophan (0.9 g),
histidine (0.46 g), adenine hemisulfate (0.55 g), and uracil (0.22 g). Additional growth media
used included YPD (2% glucose, 1% yeast extract, 2% peptone) and YPGal (2% galactose, 1%

yeast extract, 2% peptone, 0.1% dextrose) (23). Solid media was prepared with 2% Bacto agar.

Genetic screen of the diploid knockout S. cerevisiae library

The S. cerevisiae homozygous diploid knockout collection (~ 5,000 BY4743 mutants;
Euroscaf) was used to conduct a genetic screen to identify genes contributing to Qs content
regulation. Briefly, cells were inoculated from —80 °C stocks with 2.4 uL of defrosted culture,
inoculated into 96-well plates containing 195 pL. SD-pABA media. Cells were grown for two
days at 30 °C with shaking. Following growth for two days, 2.4 uL of culture was sub-inoculated
into 96-well plates containing 195 pL fresh media, and cells were grown for an additional 18 h at
30 °C with shaking. The Ago was measured (Pherastar 96-well plate spectrophotometer) after 18
h, and cells were pelleted by centrifugation. The supernatant was removed from each well and
the cell pellet in each well resuspended in 50 pL of 155 mM ammonium acetate. The 96-well

plate was frozen at —20 °C for future use. On the day of Qg analysis, plates were defrosted and 50
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uL of cell suspension were used for Qg analysis as described below. Separately, wild-type cells
were grown to Agoo ~ 1, frozen in aliquots, and used as quality control (QC) for each plate. Wells
Al, E6 and H12 of each plate were used for the QC samples with 50 pL. of QC sample placed
into each well on the day of analysis. For each plate to pass ‘QC’, the Q¢ content of the QC wells
had to be within 20% of each other. Cells were lysed and Qg extracted and analyzed as outlined

below.

Determination of Qg in S. cerevisiae during genetic screen

Each well was lipid extracted as described (24), with slight modifications. Ammonium
acetate (0.155 mM, 50 pL) was added to cell pellets and the suspension was transferred to a
glass-coated 96 deep well plate containing 50 pL glass beads per well. Cells were then lysed
using a Thermomixer C (Eppendorf, 1,400 rpm, 2 h, 4 °C). Acidified methanol (0.02% acetic
acid; 200 pL) and water-washed hexane (500 pL) was added to each sample with shaking (1,000
rpm, 1 min, 4 °C). An aliquot of the hexane layer (300 pL) was removed, 500 pL fresh hexane
was added, and the plate was shaken again. This process was repeated five, to give a total of 2
mL hexane collected. The collected hexane was dried under nitrogen in a fume hood for 1 h at
room temperature. The resulting lipids were resuspended in 150-180 puL ice-cold mobile phase
(ethanol:methanol:isopropanol:ammonium acetate pH 4.4, 65:30:3:2, vol/vol/vol/vol) and
transferred into HPLC vials. Samples were stored at 4 °C until analysis via HPLC coupled to UV
and electrochemical detection (HPLC-UV/EC). For HPLC-UV/EC analyses, 100 pL of sample
was injected onto a Supelcosil LC-C18 column (5 pm, 250 mm x 4.6 mm), eluted at 1 mL min”,
and connected to UV and electrochemical (ESA CoulArray 5600A) detectors. Qs was detected at

-700, +700, and +700 mV. Qg standards obtained from Avanti Polar Lipids.
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Yeast mitochondria isolation

Yeast cultures of BY4743, cho2A BY4743, and opi3A BY4743 were grown overnight in
20 mL SD-pABA. Cultures were diluted with SD-pABA and grown overnight at 30 °C with
shaking (250 rpm) until cell density reached an Agop ~ 1. Spheroplasts were generated using
Zymolyase-20T (MP Biomedicals) and mitochondria were fractionated as previously described
(25), in the presence of cOmplete™ EDTA-free protease inhibitor cocktail tablets (Roche),
phosphatase inhibitor cocktail set I (Sigma-Aldrich), phosphatase inhibitor cocktail set II
(Sigma-Aldrich), and PMSF (Fisher Scientific). Nycodenz (Sigma-Aldrich) density gradient
purified mitochondria were aliquoted, frozen in liquid nitrogen, and stored at —80 °C until further
use. Mitochondria protein concentration was measured by the Bicinchoninic acid (BCA) assay

(ThermoFisher Scientific).

Analysis of Qg content of whole cells and purified mitochondria

Yeast cultures were grown overnight in 50 mL of SD-pABA. Cultures were diluted into
triplicates of 20 mL fresh medium to Agp = 0.1, and 10 mL were harvested by centrifugation
once they reached Agopo ~ 1. Cell pellets were stored at —20 °C. Frozen cell pellets were lipid
extracted in the presence of internal standard Q4 and analyzed for Q¢ by LC-MS/MS as described
(26). Standards of Qs were obtained from Avanti Polar Lipids, and Q4 from Sigma-Aldrich.
Alternatively, triplicates of 100 pg of purified mitochondria (purification described above) were
lipid extracted in the presence of internal standard Q4 and analyzed for Q¢ by LC-MS/MS as

described (26).
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SDS-PAGE and immunoblot analysis of Coq proteins

Aliquots of purified mitochondria (25 pg) were incubated with SDS sample buffer (50
mM Tris-HCI pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol blue, 1.33% beta-
mercaptoethanol) and separated on 10% or 12% Tris-glycine polyacrylamide gels by
electrophoresis. Proteins were transferred to a 0.45 um PVDF membrane (Millipore) at 100 V
for 45 min, and the resulting membranes were stained with Ponceau for 5 min. Following the
capture of each image, the blots were destained with dH,O and blocked overnight in blocking
buffer (0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered saline). Molecular weight
standards for SDS gel electrophoresis were obtained from Bio-Rad. Membranes were then
probed for representative Coq polypeptides and Mdhl loading control with rabbit polyclonal
antibodies prepared in blocking buffer at the dilutions listed in Table 2. IRDye 680LT goat anti-
rabbit IgG secondary antibody (LiCOR) was used at a dilution of 1:10,000. Proteins were
visualized using a LICOR Odyssey Infrared Scanner (LiCOR). Immunoblots are representative
of three replicates and were quantified by hand using ImageStudioLite software normalized to

Mdh1 and Ponceau.

Two-dimensional Blue Native/SDS-PAGE immunoblot analysis of high molecular weight
complexes

Two-dimensional Blue Native (BN)/SDS-PAGE was performed as previously described
(19,27,28). In brief, 200 pg of purified mitochondria were solubilized at 4 mg/mL for 1 h on ice
with 16 mg/mL digitonin (Biosynth) in the presence of of cOmplete™ EDTA-free protease
inhibitor cocktail tablets (Roche), phosphatase inhibitor cocktail set I (Sigma-Aldrich),

phosphatase inhibitor cocktail set II (Sigma-Aldrich), and PMSF (Fisher Scientific). Protein
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concentration of solubilized mitochondria was determined by the BCA assay (ThermoFisher
Scientific). NativePAGE 5% G-250 sample additive (ThermoFisher Scientific) was added to the
supernatant to a final concentration of 0.25%. Solubilized mitochondria (80 pg) were separated
on NativePAGE 4-16% Bis-Tris gels (ThermoFisher Scientific) in the first-dimension, and native
gel slices were soaked in SDS sample buffer, and further separated on 12% Tris-glycine
polyacrylamide. Immunoblot analyses were performed as described above, using antibodies
against Coq4 (Table 2). Molecular weight standards for BN gel electrophoresis and SDS gel

electrophoresis were obtained from GE Healthcare (Sigma-Aldrich) and Bio-Rad, respectively.

Fatty acid sensitivity assay

Sensitivity of yeast cells to PUFA-induced oxidative stress was performed as described
(26,29,30), with minor modifications. Strains were grown overnight in 30 mL SD-pABA
medium at 30 °C, 250 rpm, and then diluted to Agpo = 0.25 in 15 mL of fresh SD-pABA medium.
Cells were harvested at an A,,~1, washed twice with 10 mL sterile H,O, and diluted to an Agy =
0.2 in 0.1 M phosphate buffer with 0.2% dextrose, pH 6.2 to an Agy = 0.2. Aliquots (5 mL) of
each cell suspension was treated with an ethanol vehicle control (final concentration 0.1%
vol/vol), ethanol-diluted oleic acid (Nu-Check Prep), or ethanol-diluted a-linolenic acid (Nu-
Check Prep) to a 200 uM final concentration. The treated cultures were grown for 4 h at 34 °C or
37 °C. Cell viability was assessed via serial dilutions on YPD plate medium, which were
incubated for 2 days at 30 °C. Cell viability prior to the addition of fatty acids was determined

via plate dilutions, represented in the 0 h plate.
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RESULTS
cho2 and opi3 BY4743 knockout mutants were identified in a high-throughput screen to
have increased Q¢ content

The biosynthesis, trafficking, and degradation of Q, are intricately connected and subject
to multiple levels of regulation (1,2). The Stocker laboratory (Sydney, Australia) performed a
high-throughput screen of the S. cerevisiae diploid homozygous knockout collection to identify
novel genes involved in Qg content regulation. This library comprises knockouts of  ~ 95% of
non-essential genes in S. cerevisiae, or about ~ 5,000 total mutants, that were evaluated for
altered levels of Q¢ using HPLC-EC detection. Following several rounds of analysis, 38 genes
were selected as candidates with statistically significant differences in Q¢ compared to BY4743
wild-type yeast (Fig. 1A). Each of the eight mutants presenting with decreased amounts of Qg are
genes directly involved in the Qg biosynthetic pathway. The 30 mutants with high Qe represent
novel cellular processes that may regulate Qg production: Lipid metabolism, aminophospholipid
flippase activity, mitochondrial function, vesicular trafficking, DNA repair, mRNA processing,
and the RpdL3 Histone deacetylase complex (Fig. 1A). In particular, the cho2A mutant displayed
about five-times the Qg content of wild type. This mutant was selected for continued study due to
several crucial considerations—there was a mammalian homolog (PEMT), there was a mouse
mutant available, the existing mount mutant was viable, and the existing mouse model had been
characterized and correlated with Qo related diseases (31,32) (Fig. 1A). Ultimately, we wanted
to link the yeast genetics of cho2 and opi3 mutants with mammals

PC is the most abundant phospholipid in every mammalian and yeast cell type, including
subcellular organelles (33). Phospholipids such as PC play a crucial role in controlling the

formation and stability of lipoproteins (33). Using S-adenosyl-L-methionine (AdoMet, SAM),
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Cho2 catalyzes the first of three methylation steps in biosynthesis of PC from PE (34,35) (Fig.
1B). The Cho2 homolog PEMT is the enzyme responsible for all three methylation steps in both
mice and humans (32). Because Opi3 is associated with two methylation reactions in the S.
cerevisiae PEMT pathway (Fig. 1B), Opi3 was included, in addition to Cho2, for subsequent
studies of PC biosynthesis. Confirming the results of the initial screen, both cho2A and opi3A
yeast had significantly increased Qg content in whole cells compared to BY4743 wild type (Fig.
2A). However, the effects of cho?2 deletion on Qg levels were more prominent than the effects of
opi3 deletion in purified mitochondria (Fig. 2B). This suggests a novel role for these proteins and

phospholipid methylation in Q¢ homeostasis.

The CoQ synthome is stabilized in the absence of CHO2 and OPI3

Previous studies have investigated the effects of COQ deletions on the amounts of Coq
polypeptides forming the CoQ synthome (1). These Coq proteins serve as structural components
required for CoQ synthome formation and stability, in addition to catalyzing essential enzymatic
reactions towards the production of Qg (1,19,36). Here, Coq protein levels were investigated in
cho2A and opi3A mutants compared to BY4743 wild type, to determine if the increased
mitochondrial Qg could be explained by an increase in the Qg biosynthetic proteins (Fig. 3). To
match the conditions used previously in this study for assays of Qs content, BY4743, cho2A, and
opi3A mitochondrial lysates were prepared from yeast harvested at Agpo = 1 cultured on SD-
pABA. We anticipated that the increased Qg content in the cho2A and opi3A mutants (Figs. 1 &
2) might translate to up-regulated Qg biosynthetic machinery, including higher levels of COQ
gene and protein expression. However, Coq protein expression remained consistent between wild

type and both mutants (Fig. 3A). The cho?A and opi3A mutants did not have statistically
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significant differences in Coq protein levels when quantified and normalized to either total
protein Ponceau stain or a mitochondrial matrix marker (Mdh1), and plotted as a percentage of
wild type (Fig. 3B,C). Although Coq7 appears elevated in both deletion mutants compared to
wild type, these results did not show statistical significance because only two replicates were
included in the analysis.

Decreased steady state levels of Coq polypeptides in yeast cog mutants often directly
correlate with destabilization of the CoQ synthome (19,26,36), while increased amounts of Coq
polypeptides are related to stabilization of the CoQ synthome (15). CoQ synthome stability was
assessed in cho2A and opi3A mutants by two-dimensional Blue Native/SDS-PAGE (BN/SDS-
PAGE) with the Cog4 signal denoting high molecular weight complex formations (19). In wild-
type yeast, the CoQ synthome is represented by distinct signal at ~ 66 kDa (Fig. 4). This is a
downward shift in molecular weight from prior studies, wherein the wild-type CoQ synthome is
present in a diverse array of high molecular mass complexes and sub-complexes spanning a
range of ~ 140 kDa to > 1 MDa for Cog4 (15,26). Reasons for these inconsistences may include
the difference in carbon source and amino acid content in the medium used to culture the
samples, the culture density at the time of harvest, or the diploid state. There is an additional
signal in wild type just below the Coq4 signal that is non-specific, and is present in both cho2A
and opi3A samples as well (Fig. 4).

Surprisingly, the CoQ synthome in the cho2A and opi3A mutants appear stabilized,
indicated by the disappearance of complexes smaller than 440 kDa, and an appearance of
complexes spanning ~ 440 kDa to > 1 MDa (Fig. 4). Deletion of cho2 had the most prominent
stabilization effect of the CoQ synthome compared to wild type (Fig. 4). Although the absence of

CHO2 or OPI3 does not directly increase component Coq polypeptides, these knockout
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mutations result in significant stabilization of the CoQ synthome that may partially explain the
increase in Qg production (Figs. 1 & 2). Conversely, the increased Qg biosynthesis may lead to a

stabilized CoQ synthome.

The yeast cho2A mutant confers increased resistance to PUFA induced peroxidative
damage

PUFA peroxidation is initiated by radical-dependent hydrogen atom abstraction at bis-
allylic positions, generating a carbon centered free radical (37). These radicals set in motion a
chain reaction of lipid peroxidation in the presence of oxygen, driving cellular oxidative damage
and the formation of protein-protein cross links, protein fragmentation, and DNA mutations (38).
Yeast cog mutants unable to produce Qs, such as cogq9A, are sensitive to treatment with a-
linolenic acid because they lack Qg antioxidant protection (29,30) (Fig. 5). In contrast, wild-type
yeast is typically protected from a-linolenic acid treatment by Qe (15). Wild-type cells gradually
become sensitive to PUFA treatment at non-permissible temperatures as the stress associated
with heat shock imposes sensitivity, even though Qg is present (29,30). Thus, we evaluated
whether the increased Qg production of the cho2A mutant is sufficient to rescue sensitivity to
PUFA treatment observed in wild-type yeast in response to either 34 °C or 37 °C heat shock.
Deletion of cho2 rescued wild type sensitivity to treatment with a-linolenic acid (Fig. 5). As
anticipated, all strains were resistant to monounsaturated oleic acid at both temperatures tested
(Fig. 5). These results suggest that Cho2 may play a role in the conversion of redox states
between reduced QsH, and oxidized Qs. It is also possible that the higher Qs content in the

cho2A mutant results in more Qg and QgHo.
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DISCUSSION AND FUTURE DIRECTIONS

The processes of Q, biosynthesis, assimilation, and trafficking must be tightly regulated
in order to maintain cellular bioenergetics and the antioxidant defense system (5,39). The
Stocker laboratory has identified several novel regulators of S. cerevisiae Qs homeostasis from a
high-throughput screen of the yeast diploid homozygous knockout collection (unpublished) (Fig.
1). Here, we confirm that deletion of cho2 and opi3 results in significantly increased amounts of
Qs (Fig. 2).

CHO2 and OPI3 encode two distinct phosphatidylethanolamine methyltransferase
enzymes that catalyze the conversion of PE to PC via three consecutive methylation reactions
(Fig. 1) (33). The major function of PC in humans and yeast is to maintain the integrity of
membranes, in order to modulate the transport of molecules across the plasma membrane and
other organelle membranes (21). PC is synthesized in mammalian cells from choline via the
CDP-choline pathway, also known as the Kennedy pathway (Fig. 1) (40). In human liver,
approximately 30% of PC synthesis occurs via the sequential methylation of PE (41), catalyzed
by the CHO2 mammalian homolog phosphatidylethanolamine N-methyltransferase
(PEMT). Therefore, the results of this current study regarding Cho2 and Opi3 may give insights
into the PEMT pathway of mammalian PC biosynthesis. Future experiments will assess whether
expression of mammalian PEMT cDNA restores normal Qg content in the cho2Aopi3A double
mutant to confirm that these proteins are functional orthologs. Experiments have already been
conducted to show that PEMT expression restores the PC deficiencies in the cho2A mutant (data
not shown), however other cho2A phenotypes were evaluated.

Prior investigations revealed that PEMT regulates susceptibility to atherosclerotic

cardiovascular disease and is required for normal lipoprotein metabolism (20,42). PEMT has also
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been associated with cellular bioenergetics; PEMT protein expression was increased in adipocyte
models of insulin resistance (43). While Pemt /" mice fed high-fat diets displayed weight gain,
plasma hyperlipidemia, and insulin resistance, Pemt 7/~ mice were protected against these
phenotypes including diet-induced obesity (21). The accumulation of Qg in yeast cho?A and
opi3A deletion mutants (Fig. 2) suggests that increased Q, may be the protective mechanism
against insulin resistance in Pemt / mice. Intriguingly, mitochondrial Qo deficiency has been
implicated as a primary driver of insulin resistance in vitro and in mice fed a high-fat high
sucrose diet (32). These data complement the results of our study nicely, implying that
mechanisms that restore Q,o, including the deletion or inhibition of PEMT, might serve as novel
therapeutic targets for insulin resistant patients. Ongoing studies in the Stocker lab are seeking to
determine whether Cho2 (PEMT) is a conserved regulator of Q, in mice and human adipocytes.
Both cho2A and opi3A yeast presented a stabilized CoQ synthome (Fig, 4), however,
component Coq polypeptides were not elevated, with the possible exception of Coq7 (Fig. 3).
The mechanism for increased Qg content in these mutants therefore cannot be fully explained by
a comprehensive up-regulation of the Qg biosynthetic machinery. Mitochondrial oxidative stress
is a hallmark of insulin resistance models in mice and humans (44-46). Mice harboring Pemt”
homozygous deletion develop hypermetabolism that protects against insulin resistance,
indicating that PEMT and choline are crucial regulators of energy metabolism (21). We
hypothesized that Cho2, and by extension PEMT, may control mitochondrial energy production
and perturb oxidative damage by regulating the flux between Qs redox states. Previous work has
demonstrated that yeast mutants lacking Qs are sensitive to treatment with exogenously added
polyunsaturated fatty acids (PUFAs) due to lack of antioxidant defense by QeH> (15,47). Under

temperature stress conditions, cho2A showed increased protection from o-linolenic acid
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compared to wild type (Fig. 5). Perhaps the higher amount of Qg in cho2A (Fig. 2) results in a
corresponding increase in QgH, that confers additional antioxidant protection for this mutant
(Fig. 5). The ratio of Qs:QsH> could also be altered in cho2A yeast. Additional experiments need
to be conducted in order to determine whether Qg redox state is dependent on the presence of
CHO2. The cho2A mutant was found to have increased resistance to heat shock in a genetic
screen (48). It would be interesting to determine if the Qg increase seen in the cho2A mutant is
related to heat shock stress response.

Efficiency of the PEMT-phosphatidylcholine biosynthetic pathway not only requires
Cho2 and Opi3, but also relies on SAM, the biological methyl donor (33,49). Once its methyl
group is transferred to a substrate, SAM is converted to S-adenosylhomocysteine (AdoHcy,
SAH), the product of Cho2 and Opi3. SAM-dependent methyltransferase reactions that also acts
as a feedback inhibitor for SAM (50). Lack of Cho2/Opi3 activity leads to greater amounts of
SAM co-substrate and consequently increase the SAM:SAH ratio (51). Due to the ubiquity of
SAM substrates, the ratio of SAM:SAH is commonly used as sensitive indicator of cellular
methylation capacity (52). Unrestricted SAM that is no longer needed for PE conversion to PC is
now free to participate in alternate methylation reactions. There are three methyltransferase
reactions in the Qg biosynthetic pathway that require SAM as a co-substrate (1); elevated
concentrations of SAM might increase the rate of Qg biosynthesis, resulting in higher total Q.

Another possible explanation for the observed rise in cho2A and opi3A Qs content is
metabolic flux through the Qg pathway. The polyisoprenyl tail of Q, is synthesized from
dimethylallyl diphosphate and isopentenyl diphosphate, derived from mevalonate in eukaryotes
and 1-deoxy-D-xylulose-5-phosphate in prokaryotes (1). The Q, benzoquinone ring is produced

from 4-hydroxybenzoic acid (4HB), a phenolic derivative of benzoic acid that is synthesized
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from tyrosine in mammals and both tyrosine and chorismate in S. cerevisiae (1,53). These inputs
or ‘fuel’ are essential molecules that regulate flow into Q, biosynthesis as opposed to other
metabolic synthesis pathways. The Stocker lab has recently used an untargeted metabolomics
approach coupled with mass spectrometry to compare metabolites in cho2A with wild type (data
not shown). Importantly, they found decreased amounts of several Qg benzoquinone ring-
precursor compounds in the absence of cho2 (data not shown), indicating that Cho2 may indeed
regulate the Q¢ head-group synthesis pathway. We suspect this regulation by Cho2 may involve
previously unrecognized 4-HB precursors.

This study has provided crucial information towards determining the mechanism behind
Cho2 and Opi3 regulation of Qs homeostasis. Future work by the Stocker lab will extend our
findings into both Pems” mouse and adipocyte cellular models. These results suggest that PEMT
enzymes are novel regulators of Qs biosynthesis, and may be intricately connected with insulin

resistance pathology.
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Table 1. Genotype and source of yeast strains.

Strain Genotype/Specifications Source

BY4743 MAT a/a. his340 leu2A0 met1 540 ura340 R. Stocker®

BY4743 cho2A MAT a/a. his340 leu2A0 met1 540 ura340 R. Stocker®
cho2::KanMX4

BY4743 opi3A MAT a/a. his340 leu2A0 met1 540 ura340 R. Stocker®
opi3::KanMX4

BY4742 coglA MAT a. his340 leu2A0 met1 540 ura340 (54)
coql::KanMX4

BY4742 cog3A MAT o his340 leu240 met1540 ura340 (54)
coq3::KanMX4

BY4742 cog4A MAT o his340 leu240 met1540 ura340 (54)
coq4::KanMX4

BY4742 cog5A MAT o his340 leu240 met1540 ura340 coq5:: (54)

BY4741 cog6A

BY4742 cog7A

KanMX4

MAT a his340 leu240 met1 540 ura340

coq6::KanMX4

MAT o his340 leu240 met1 540 ura340

coq7::KanMX4

Dharmacon, Inc.

(54)
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Table 1. Genotype and source of yeast strains. (Cont.)

Strain Genotype/Specifications Source

BY4742 cog8A MAT o his340 leu240 met1540 ura340 (54)
coq8::KanMX4

BY4742 coql0A MAT o his340 leu240 met1540 ura340 (54)
coql0::KanMX4

BY4742 coql1A MAT a. his340 leu2A0 met1 540 ura340 (15)
coqll::LEU2

M6 MAT a his-4 p’ (18)

M3 MAT a ade-1 p° (18)

Prof. Roland Stocker. Victor Chang Cardiac Research Institute, Sydney, Australia.
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Table 2. Description and source of antibodies.

Antibody Working dilution Source
Coql 1:10,000 (55)
Coq3 1:200 (56)
Coq4 1:2,000 (57)
Coq5 1:5,000 (58)
Coqb 1:200 (59)
Coq7 1:1,000 (60)
Cog8 Affinity purified, 1:30 (36)

Coql0 Affinity purified, 1:400 (26)
Coqll 1:500 (26)
Mdh1 1:10,000 Lee 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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Figure 1. Cho2 and Opi3 may be involved in regulation of Qs content (adapted from Dr.
Anita Ayer, 2018). 4, A genetic screen of the S. cerevisiae homozygous diploid knockout
collection performed by Dr. Anita Ayer and colleagues identified 34 mutants with significantly
altered Qg content. Among those genes, 30 mutants displayed high Q¢ compared to BY4743 wild
type, representing novel processes that regulate Qg content through a variety of cellular
processes. In particular, the cho2A mutant had a five-fold increase in Qs levels versus wild type,
had a viable mammalian homolog (PEMT), and a developed mouse mutant model (PEMT) with
a known phenotype. B, Cho2 is an N-methyltransferase functioning in the biosynthesis of
phosphatidylcholine (PC). Opi3, the N-methyltransferase that catalyzes the two subsequent
methylation reactions towards the biosynthesis of PC, was also included in this study.
Abbreviations: PE, phosphatidylethanolamine; PMME, phosphatidylmonomethyl ethanolamine;
PDME, phosphatidyldimethyl ethanolamine; SAM, S-adenosylmethionine; SAH, S-

adenosylhomocysteine.
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Figure 2. Total and mitochondrial Qs content is increased in cho2A and opi3A whole cells
compared to wild type. Triplicates of 30 mL cultures of wild type BY4743, cho2A BY4743,
and opi3A BY4743 yeast were grown in SD-pABA until they reached Agpo ~ 1. 4, 10 mL of
whole cells from each culture were harvested, lipid extracted, and analyzed by LC-MS/MS for
Qg content. Alternatively, wild type BY4743, cho2A BY4743, and opi3A BY4743 yeast were
grown in SD-pABA until they reached Agp~1 and subject to mitochondrial preparation. B,
Lipids from triplicates of purified mitochondria (100 pg) were analyzed by LC-MS/MS for Qg
content. Values are the mean of three replicates. The data show mean + SD, and the statistical

significance as compared to wild type is represented by *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. Coq polypeptides appear largely consistent in cho2A and opi3A mutants
compared to wild type. 4, Aliquots of intact mitochondria (25 pg) from wild type BY4743,
cho2A BY4743, and opi3A BY4743 were separated on 10% or 12% Tris-Glycine SDS-PAGE
and evaluated for the presence of several Coq polypeptides. Mitochondrial malate dehydrogenase
(Mdh1) was included as a loading control, with a representative blot shown. Proteins were also
stained with Ponceau stain as an additional loading control, with a representative image of two
independent experiemtns shown. Aliquots of purified cogA (coqlA-coql1A) mitochondria were
included as negative controls for immunoblotting with antisera to each of the Coq polypeptides.
Black arrows indicate the position of each protein on the membrane. The Coq2 and Coq9
polypeptides were not detected. B, Duplicates of each Coq protein band intensity was quantified
by hand using ImageStudioLite, normalized to Mdhl or Ponceau stain, and plotted as a
percentage of wild type. The data show mean + SD.

126



1stdimension: Blue Native-PAGE

w M coq4A 669 440 232 140 66 kDa
2

BY4743 o
2 | coqas kb - 37
@ 0q4 ( a)— | s
IS M cog4A 669 440 232 140 66
8 J
£ 37
£ | Coq4 (36 kDa) —

cho2A ;9
& 25

M cog4A 669 440 232 140 66
0pi3A Coq4 (36 kDa) —
v

Figure 4. The CoQ synthome is stabilized in cho2A and opi3A mutants compared to wild
type. Aliquots (100 pg) of purified mitochondria from wild type BY4743, cho2A BY4743, and
opi3A BY4743 were solubilized with digitonin and separated with two-dimensional BN/SDS-
PAGE. The CoQ synthome appeared as a singal from ~ 66 kDa to ~ 669 kDa in each sample
with antibodies to Cog4. Aliquots of cog4A purified mitochondria (25 pg) were included as
negative control for the antisera to Cog4. Intact mitochondria (25 pg) from each strain was

included as a loading control (“M”). Red arrowheads and brackets indicate distinct complexes.
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Figure 5. Mutants lacking cho2 have increased tolerance to oxidative damage driven by
exogenously added PUFAs. Wild type BY4743, cho24 BY4743, and Qg-less coqg94 BY4742
were grown at 30 °C in SD-pABA media until they reached log phase. Cells were washed twice
with sterile H,O and resuspended in phosphate buffer with 0.2% dextrose, pH 6.2 to 0.2
Agoo/mL. The resuspended cells were incubated at 34 °C or 37 °C 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. At time 0 or following 4 hours of fatty acid incubation, cell
viability was assessed by plate dilution assay. An aliquot of 2 pL. was plated in each spot in five-
fold serial dilutions onto YPD, corresponding to a final Ay = 0.2, 0.04, 0.008, 0.0016, and

0.00032. Growth was captured after incubation at 30 °C for two days.
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ARTICLE INFO ABSTRACT

Keywords: Coenzyme Q (CoQ) is an essential player in the respiratory electron transport chain and is the only lipid-soluble
Coenzyme Q antioxidant synthesized endogenously in mammalian and yeast cells. In humans, genetic mutations, pathologies,
Ubiquinone certain medical treatments, and aging, result in CoQ deficiencies, which are linked to mitochondrial, cardiovas-
T_““’P"“ cular, and neurodegenerative diseases. The only strategy available for these patients is CoQ supplementation. CoQ
;ﬁgmh supplements benefit a small subset of patients, but the poor solubility of CoQ) greatly limits treatment efficacy.
CoQe rescue Consequently, the efficient delivery of CoQ to the mitochondria and restoration of respiratory function remains a
Succharamyces cerevisiae major challenge. A better understanding of CoQ uptake and mitochondrial delivery is crucial to make this molecule
a more efficient and effective therapeutic tool. In this study, we investigated the mechanism of CoQ) uptake and
distribution using the yeast Saccharomyces cerevisiae as a model organism. The addition of exogenous CoQ was
tested for the ability to restore growth on non-fermentable medium in several strains that lack CoQ) synthesis (cog
mutants). Surprisingly, we discovered that the presence of CoQ biosynthetic intermediates impairs assimilation of
CoQ into a functional respiratory chain in yeast cells. Moreover, a screen of 40 gene deletions considered to be
candidates to prevent exogenous CoQ from rescuing growth of the CoQ-less cog23 mutant, identified six novel
genes (CDCI0, RTS1, RVS161, RVS167, VPS1, and NAT3) as necessary for efficient trafficking of CoQ to mi-
tochondria. The proteins encoded by these genes represent essential steps in the pathways responsible for transport
of exogenously supplied CoQ to its functional sites in the cell, and definitively associate CoQ distribution with
endocytosis and intracellular vesicular trafficking pathways conserved from yeast to human cells.
1. Introduction predominates in rodents and CoQ,, is most prevalent in humans [1,2].

Coenzyme Q (CoQ) is essential for energy production in mitochon-
dria. It functions as an electron carrier in the respiratory chain, moving
electrons from Complex I (NADH oxidase in Saccharomyces cerevisiae),
11, and several other enzymes, to Complex I1I [1,2]. In this manner, CoQ
participates in multiple cellular pathways including f-oxidation and de
novo synthesis of pyrimidines. In addition, CoQH, (the reduced or hy-
droquinone form) has an important role as an antioxidant, protecting
DNA, lipids, and proteins from oxidative stress [3,4]. CoQ is composed
of a benzoquinone ring connected to a polyisoprenoid side chain, whose
length is species-specific [1,2]. Six isoprene subunits are present in
Saccharomyces cerevisiae (CoQs), eight in Escherichia coli (CoQs), and
nine and ten (CoQs and CoQip) in rodents and humans, although CoQq

Almost all cells have the capacity to produce CoQ, and at least 13 genes
are necessary for its endogenous production in yeast (see Fig. 1) [1,2,5].

In humans, insufficient CoQ:o can result in profound deficits in mi-
tochondrial function [9,10]. Mutations in genes that participate directly
in CoQ,, biosynthesis lead to primary CoQ,, deficencies, rare conditions
that severely affect multiple organ systems, such as the central and
peripheral nervous systems, kidney, skeletal muscle, heart, or sensory
systems, in highly variable manners [11). CoQ,, content may also be
decreased in other conditions attributed to secondary defidendies, in
which depletion of CoQ, is caused by mutations in genes unrelated to
CoQ;o biosynthesis including genes involved in mitochondrial myo-
pathies or in the mitochondrial DNA depletion syndrome [12,13]. Sec-
ondary deficiencies can also result from non-genetic conditions such as

i Corresponding author. Department of Chemistry & Biochemistry, University of California, Los Angeles, CA, 90095-1569, USA.

E-mail address: cathy@chem.ucla.edu (C.F. Clarke).
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Fig. 1. Coenzyme Q biosynthetic pathway in S. cerevisiae. Adapted from Ref. [1]. At least 13 proteins are necessary for efficient CoQ) biosynthesis in S cerevisice
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fibromyalgia, clinical treatments (e.g. hypercholesterolemia treatment
with statins) [14,15], environmental toxins, metabolic disorders, aging
[16], and age-related diseases [2,4]. Secondary deficiencies are more
common than primary deficiencies and reflect the diversity of biological
functions and metabolic pathways that involve CoQ,q [11,12].

To date, the only treatment to ameliorate the symptoms of human
CoQ1o deficiencies is CoQuo supplementation. At high doses, CoQio sup-
plements increase CoQuo levels in all tissues, especially with certain for-
mulations, and are beneficial for various pathophysiological conditions
[11,17]. For example, the Q-SYMBIO study demonstrated that CoQ,,
supplementation improves heart failure symptoms with a significant re-
duction in major adverse cardiovascular events and mortality [4,18].
Other studies reported that CoQ,q supplementation could stop the pro-
gression of encephalopathy [19] and ameliorate the symptoms of renal
disease in patients with defects in COQ2, COQ6, or ADCK4 (the human
homolog of yeast Cog8) [20,21]. However, bicavailability studies show
that the response of individuals to CoQ1o supplementation is inconsistent,
and treatment failure is common [1,17]. The absorption of CoQ,, is slow
and limited due to its high molecular weight and negligible aqueous so-
lubility, making delivery by oral supplementation inefficient [11,17,22].
Thus, developing therapies for CoQ,q deficiencies remains a challenge.
Current efforts are focused on new delivery strategies for CoQ [23-25], as
well as on alternative approaches using compounds that enhance en-
dogenous CoQ,q synthesis in CoQ,¢-deficient patients [1,5,11,26-29].

In order to improve the therapeutic efficacy of CoQio supple-
mentation, it is crucial to define the mechanisms responsible for the
uptake and distribution of CoQ within cells. However, complete un-
derstanding of these mechanisms remains elusive. In mammalian cells
and yeast, CoQ is synthesized in the inner membrane and matrix of
mitochondria, yet is found in all cellular membranes, indicating the
existence of a transport mechanism from the mitochondria to the rest of
the cell [30-32]. Conversely, transport to the mitochondria can also
occur from the extracellular environment through the plasma mem-
brane as shown by uptake and assimilation of exogenously supplied
CoQ in studies with yeast [33,34] and mice [35], as well as through
successful CoQio supplementation in patients with CoQ:q deficiencies
[36). Bidirectionality of CoQ transport, from the extracellular media to

mwmed:xzsmunkm:ndﬁmheramlymhawhmn—d.m 4-hydroxybenzoic
ic acid; HAB « inob
redmedcoauymerHq,CoQ, mchudcoenzyneo,.(rotmpmoﬁh:ufuznmmmbumm
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the mitochondria and from the mitochondria to other cellular mem-
branes, has been attributed to endomembrane trafficking, yet the
pathways and mechanisms remain obscure [32,33].

In the yeast S. cerevisiae, CoQs is not essential for viability as strains
that lack CoQg (cog mutants) can grow by fermentation on glucose
without the involvement of the respiratory chain. However, cog mu-
tants are unable to grow on non-fermentable carbon sources unless they
are supplemented with exogenous CoQ, thereby restoring mitochon-
drial oxidative phosphorylation [34,37,38]. In this study, we in-
vestigated the mechanism of CoQ uptake and intracellular distribution
in yeast. To do this, we interrogated a series of ORFAcog24 double
mutants for their ability to grow in a non-fermentable glycerol-based
medium (designated YPG) in the presence of exogenous CoQs. These
mutants harbor the deletion of one gene necessary for CoQ biosynthesis
(cog24) in conjunction with the deletion of another gene hypothesized
to be involved with CoQ transport. The inability of some of these
ORFAcog24 double mutants to recover growth in YPG even in the
presence of CoQ, allowed us to identify six genes that are important for
CoQ trafficking, highlighting key components of the intracellular CoQ
transport pathway. Intriguingly, our results showed that single cogd
mutants differ in their ability to be rescued with exogenous CoQs and
demonstrated that the presence of CoQs-hexaprenylated biosynthetic
intermediates impairs the assimilation of exogenous CoQs in yeast cells.

2. Materials and methods
2.1. Coenzyme Q isoforms

CoQ; was obtained from Cayman Chemical, CoQs from Avanti, and
CoQ; and CoQ;, from Millipore-Sigma. Each was dissolved in ethanol
and the concentration was calculated using the absorbance at 275 nm
and the corresponding molar extinction coefficients (13,700 M ‘cm !
for CoQ2; 14,200 M~ 'em ™! for CoQs; 14,700 M 'cm ~* for CoQs and
15,200 M~ 'em ™" for CoQ1c).
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2.2, Determination of CoQgs movement in mixed vesicle populations

The methodology used was a combination of previously described
methods [39-41). Briefly, LUVETs (large unilamellar vesicles produced
by extrusion) were created from 25 mg/mL :-a-phosphatidylcholine
(PC) from soybean (Type III-S, Millipore-Sigma) in chloroform, sup-
plemented with 1-pyrene dodecanoic acid (Pyry,, Santa Cruz Bio-
technology) to achieve a final concentration of 4 uM. The mixture was
evaporated until dry under a stream of nitrogen gas, re-hydrated with
MBSE buffer (0.15 M NaCl/0.01 M MOPS pH7/0.1 M EDTA) to a final
PC concentration of 1 mg/mL, and subjected to ten freeze-thaw cycles
in a solid COz/ethanol bath. The multilamellar vesicles were extruded
through two polycarbonate filters in tandem using the Avestin Lipofast
system (Avestin, Inc). A second population was created as described
above, with the addition of CoQ,, CoQ, CoQg or CoQ,; to the
chloroform to achieve a final concentration of 200 uM after re-hydra-
tion. To monitor the ability of the different CoQ isoforms to move be-
tween vesicles, Pyr,, quenching was monitored. Two mL of the initial
LUVETs population was placed in a stirred cuvette in a Photon Tech-
nology International QuantaMaster Spectrofluorimeter (Horiba) (A
346 nm and Acwm 377 nm) at 30 °C. After 90 s, 0.5 mL of a CoQ-con-
taining vesicle population was added and the fluorescence was mon-
itored for a total of 10 min. CoQ collisionally quenches Pyr,; fluores-
cence if both are present in the same vesicle and are capable of physical
interaction [39,42]. On mixing the two populations of vesicles, a fur-
ther decrease in the fluorescence signal can only occur if the CoQ,
isoform is able to move from vesicle to vesicle. This is because the gain
in fluorescence in the CoQ,, vesicle population from CoQ loss is less than
the loss in fluorescence in the previously CoQ,-less population from the
gain of CoQ (for a discussion see Ref. [39]). Data are expressed as the
ratio of fluorescence at a given point in time (I) to initial fluorescence
just before the addition of the second population of vesicles (I).

2.3. Yeast strains, growth media, and verification of the mutants

S. cerevisige strains used in this study are described in Table S1.
Standard growth media for yeast included YPD (1% Bacto yeast extract,
2% Bacto peptone, 2% dextrose) and YPG (1% Bacto yeast extract, 2%
Bacto peptone, 3% glycerol). Solid plate medium contains additional
2% Bacto agar. To select for mutants that contain a kanMX cassette,
YPD + 200 mg/L G418 (Santa Cruz Biotechnology) plates were used. To
select for ORFAcog2A mutants obtained from a previously created li-
brary [39], synthetic dextrose media without arginine and histidine (SD
-His -Arg) (20 g/L glucose, 1.7 g/L yeast nitrogen base without amino
acids and ammonium sulfate, 1 g/L monosodium glutamic acid, and
2 g/L of amino acid supplement lacking histidine and arginine) plates
were used. These SD -His -Arg plates were supplemented with 200 mg/
L G418, 70 mg/L canavanine (Millipore-Sigma) and 100 mg/L nour-
seothricin sulfate (ClonNat) (Gold Biotechnology). For mutants of new
creation (see method below), SD -Leu (0.18% Difco yeast nitrogen base
without amino acids and ammonium sulfate, 0.5% (NH,),SO,, 0.14%
NaH,PO,, 2% dextrose and amino acid supplement lacking leucine)
plate medium was used. For plasmid selection (see below), SD -Ura
(0.18% Difco yeast nitrogen base without amino acids and ammonium
sulfate, 0.5% (NH1),S04, 0.14% NaH,PO,, 2% dextrose and amino acid
supplement lacking uracil) liquid and plate media were used.

Deletions in each and every strain (both ORF and COQ2 deletions)
were confirmed by PCR, using primer pairs A - KanB or D - KanC. Primer
A and D are specific for each ORF while KanB and KanC are located
within the kanMX cassette. Primers were obtained from the
Saccharomyces Genome Deletion Project database (hitp://www-
sequence.stanford.edu/group/yeast_deletion project/deletions3.html).
Ty ranged between 57 and 62 °C. The rho status of the cells was also
confirmed using JM6 and JM8 as rho0 test strains [34]. Additionally,
prior to the initiation of CoQy rescue experiments, we confirmed the
ability of each of the corresponding single selected ORFA mutants to

grow on YPG. The deletion of a single gene could compromise the ability
of a mutant to grow on YPG if the gene is involved in respiratory activity.
Demonstrated growth of the single ORFA on YPG ensures that recovery of
respiration of the corresponding ORFAcog24 mutants with exogenous
CoQg is theoretically possible. Any single mutant unable to grow on YPG
automatically eliminated the corresponding ORFAcog24 from the study.

2.4. Generation of double deletion mutants

Some non-available mutants of interest for the study were created de
novo using a PCR-based gene deletion strategy [43). In all cases, the ORF
of interest was replaced with a LEU2 auxotrophic marker amplified from
the pRS305 vector using primers Leu forward: 5-TGCCCTCCTCCTTGIC
AATA-3' and Leu reverse 5"- GGCGCCTGATTCAAGAAATA-3’, to which
homologous sequences to the upstream of ORF start codon and down-
stream of the ORF stop codon were attached. Details about these homo-
logous sequences are described in Table S2. Following PCR dean-up
(Thermo Fisher Scientific), the PCR products were used to transform
corresponding ORFA mutant strain using the lithium acetate/single-
stranded carrier DNA/Polyethylene Glycol method [44), and transformed
cells were selected twice on SD —Leu plates. Genomic DNA isolation fol-
lowing by PCR and DNA sequencing (Laragen, Inc.) were used to verify
the correct integration of the auxotrophic marker at the correct gene
locus. In these verification steps, specific primers A and D from the Sac-
two internal primers inside the LEU vector (5-CCATCACCATCGTCTTC
CTT-3’ and 5"-CTGTGGGTGGTCCTAAATGG-3") for DNA sequending.

2.5. Generation of rho negative yeast

To generate rho0 BY4741 yeast, cells were incubated on YPD media plus
25 pg/mlL ethidium bromide for two subsequent overnight periods. After
that, cells were diluted (1:20,000 from a 1 Aq../ml solution) and plated
on YPD. After 1-2 days, cells were replica plated to YPG plate medium to
test their ability to respire. Colonies unable to grow on YPG were considered
rho0. To further confirm the absence of mtDNA, two distant mitochondrial
DNA lodi, COX3 and OLI1, were checked by PCR (COX3-F: 5-GGTAATAT
GAATATGGTATATITAGC-3; COX3-R: 5"-GITACAGTAGCACCAGAAGATA
ATAAG-3; OLI-F: 5-ATGCAATTAGTATTAGCAGCTAAAT-3; OLI-R:
5"-CCGAATAATAATAAGAATGAAACCATTA-3) [45). The ERG2 locus was
included as a positive control for a nudear gene, using erg2A and erg2D

2.6. Exogenous CoQ rescue assays

Yeast mutants were grown overnight in YPD at 30 "C 250 rpm. The
next day, the A /mL was d and yeast strains were sub-in-
oculated into tubes containing 5 mL of YPG supplemented with CoQ
(2 uM of CoQs [33] or 100 uM of CoQ: [39]) or with the corresponding
amount of ethanol at a cell density of 0.1 Ascone/mL. In all experiments
the amount of ethanol added to the culture (containing CoQ or as ve-
hicle) was less than 1% of the culture volume. Yeast were allowed to
grow at 30 "C 250 rpm for 7 days. To construct the growth curves (see
examples in Fig. S4), Agoon- Mmeasurements were taken at approxi-
mately 0, 7, 24, 30, 48, 54, 72, 78, and 144 h. An aliquot of each culture
(200 pL) was transferred to a 96-well plate and Ay, was measured in
a TECAN M1000 plate reader. 1/10 dilutions were made if necessary.
With the exception of Fig. S4, CoQ rescue is always represented as a
percentage of a designated control, comsidered as 100% and re-
presented as a dashed line in the graphics. Asoon- from the last time
point, 144 h, was used to calculate the degree of rescue.

2.7. Determination of CoQs and CoQ intermediates

To determine the content of CoQs and CoQ intermediate in cogd
mutants, 15 mL of yeast grown on YPD were harvested at
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approximately 1 Agponm/mL. Lipid extractions and the following ana-
lysis of CoQ content in a 4000 QTRAP linear MS/MS spectrometer
(Applied Biosystems) were performed as described [46]. Aliquots of the
culture were saved prior to lipid extraction to determine protein con-
centration using Bradford assay [47].

2.8, Immunoblot analysis

Three mL of yeast grown on YPD were harvested at approximately 1
AgoonmymL. Pellets were resuspended in 100 pL 2 M lithium acetate and
incubated on ice for 5 min. Samples were centrifuged and pellets were re-
suspended in 100 pL 0.4 M NaOH, then incubated on ice for 5 min. After
this step, a 10 pL aliquot of each sample was saved for further protein
quantification. Samples were resuspended in 100 pL 1X SDS sample buffer
(50 mM Tris pH 6.8, 1046 glycerol, 2% SDS, 0.1% bromophenol blue, and
1.33% B-mercaptoethanol) and boiled for 5 min. After centrifugation, su-
pernatants were moved to dean tubes and stored at —20 °C until further
use. 30-50 pg of protein was loaded in individual lanes and separated by
SDS gel electrophoresis on 12% Tris-glydne polyacrylamide gels. Proteins
were subsequently transferred to 0.45 pm Immobilon-P membrane (Bio-
Rad). Blots were stained with Ponceau S dye for visualization of protein
lanes and assessment of equal protein loading. After blocking (blocking
buffer: 0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered
saline), blots were incubated with 1:1,000 primary anti-Porin 1 (obtained
from Dr. Carla Koehler, University of California, Los Angeles) and 1:20,000
secondary IRDye 680LT goat anti-rabbit IgG antibody (LiCOR). Immunoblot
images were visualized with a LiCOR Odyssey infrared scanner (LICOR),
and relative protein levels were quantified by band densitometry using both
Image Studio Lite 5.2 and ImageJ.

2.9. Complementation of ORFAcog24 mutants with yeast COQ2

To re-introduce COQ2 in the ORFAcog24 double mutants, the vector
PRSQ2 was constructed. The sequence of yeast COQ2 plus 350 bp of the
upstream sequence was cloned into the vector pRS316 [48] using the
BamHI restriction site. Then, the empty vector, as well as pRSQ2, were
each used to transform coq24, cdc104cog24, rts14cog24, rvs161Acoq24,
rvs1674c0q24 and nat3Acoq24. Transformation of WT and the corre-
sponding single ORFA with pRS316 served as controls. Cells containing
the plasmid were double selected on SD — Ura plates. The ability of the
ORFAcoq24 to recover their respiratory capacity after COQ2 was ana-
lyzed using spot plate assays. Briefly, plasmid-containing cells were
grown overnight in SD —Ura at 30 °C 250 rpm. The next morning,
Asoonn/mL was measured, cells were diluted to 0.2 Aspgne/mL in PBS,
and a series of 5-fold dilutions were prepared. 2 pL of each dilution
were plated onto YPD, YPG and SD — Ura plates. Plates were incubated
at 30 °C and after 3-4 days, pictures were taken.

2.10. Statistical analysis

Data shown in this work represent mean = standard deviation (SD)
from at least three biological replicates. Statistical analyses and gra-
phics were performed with Graphpad Prism 7 (Graphpad Software Inc.,
San Diego, CA, USA). When a specific mutant is compared to WT orto a
designated normalization variable (specific cogd ~ CoQg or ORFA) a
paired t-test analysis was performed. When comparing two specific
mutants between each other, an unpaired t-test analysis was used.
Significant differences were referred as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.

3. Results
3.1. CoQs does not move passively between non-contiguous membranes

Growth of cogd strains on YPG with exogenous CoQg [33,34] indicated
that a sufficient quantity of the supplied CoQs reached the mitochondrial

inner membrane. However, the uptake of a particular CoQ isoform depends
on the length of the isoprenoid chain. A previous study assessed the ability
of different CoQ isoforms to diffuse between non-contiguous membranes
[39]. Short CoQ isoforms such as CoQ; and CoQ, that are more water so-
luble, freely exchanged between phospholipid bilayers, while a long CoQ
isoform (CoQs) did not due to its extreme hydrophobidity, and thus required
a mechanism of transport [39]. The behavior of the S. cermvisioe isoform
CoQg has not been evaluated. Therefore, to assess the ability of CoQs to

vesicles. Both populations contained equal concentrations of the fluor-
ophore Pyriz, but only the second population contained the specified iso-
form of CoQ.. In this second population, the presence of CoQ. fully quen-
ches Pyr;, fluorescence by collisonal quenching On mixing the two
populations of vesicles, a further decrease in the fluorescence signal can
only occur if the CoQ, isoform is able to move from veside to veside
[39,49). Results showing the behavior of CoQs in comparison with CoQ,,
CoQ; and CoQ, are depicted in Fig. 2. When the population of CoQ-loaded
vesicles was added, the fluorescence decreased dramatically when CoQ; or
CoQ were present, while fluorescence was maintained when the vesides
were loaded with either CoQs or CoQro. These results indicated that CoQ>
and CoQs were able to move rapidly between the different vesides, in
agreement with previous results [39], while CoQ,, and CoQ, were non-
diffusible. The inability of CoQs to move between synthetic phospholipid
membranes supports the idea that a transport/distribution mechanism is
needed due to its negligible water solubility.

3.2, Yeast mutants harboring deletions in distinct COQ genes show different
degrees of rescue in response to exogenous CoQs

Previous work indicated that at least four genes of the endocytic
pathway are required for rescue of S. cerevisioe by exogenous CoQs

CoQ.-loadec
vesicles

o Jhiad

i

Normalized fluorescence (Fk)
2

- -+ - - - -
0 100 200 300 400 500 600
Time (sec)

@ NoCoQ ® CoQ, @ CoQ, ® CoQ; ® CoQy

Fig. 2. CoQ, and CoQ,, isoforms fail to move freely between phosphati-
dyicholine vesicles. The membrane behavior of different CoQ.. isoforms was
analyzed using a fluorescence-quenching assay. An initial population of vesicles
contzaining 4 pM Pyr;; was mixed with 500 pL of 2 second population of vesicles
that contained 4 pM Pyr:2 and either a2 control, with no addition (black), or a
CoQ isoform: CoQ: (pink), CoQ: (orange). CoQs (green) or CoQuo (purple).
Fluorescence was monitored for 600 s anc data points were collected every
second. The data are expressed as the relati of flo atagiven
point in time (I) to the initial fluorescence just before the addition of the CoQ.-
loaded vesicles (I). Dots rep: the age, at each point, of at least three
this figure but they are provided in Fig. S1. At intervals of 100 s, the (*) symbol

represents significant differences (p < 0.05) between CoQ: and the no-CoQ
cnﬁmmwhﬂz(#)mdlﬂumbam%aﬁdzmm
condition. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article)
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was more pronounced in tig24cog34 and tig24cog74, but especially in the tig2Acog34 mutant. (C) Yeast mutants harboring deletions in either the COQ! or COQ2 gene
showed more robust rescue in response to exogenous CoQ, treatment than do the other single cog null mutants (cog34 - cog94). In 21l cases, columns represent the
degree of rescue (in %) = SD of a strain compared to WT, which is defined as 100% and represented as a dashed line. In A and B, the average of rescue of the specific
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comparing to cogla, (2) represents differences comparing to ORFAcog2A (panel A) or cog24 (panel B-C), (3) represents differences comparing to cog3d, etc
Statistical comparisons not detailed in the figure are provided in Table S3.

[33]. In that study, ERG2, TLG2, PEP12, or VPS45 deleted in combi- mitochondrial inner membrane by a large multiprotein complex (the
nation with a COQ3 deletion inhibited growth of the resulting double CoQ synthome) formed by several Coq proteins (Cog3-CogS, Coqll)
mutants on YPG supplemented with CoQs. CoQg is produced in the [1]. The absence of one Coq polypeptide can result in the loss of other
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and strains named in parentheses on top of the columns denote statistically significant differences (p < 0.01). In C anc D, columns represent the degree of rescue (in

%) * SD of astrain in comparison to WT (considered 100% and

pr

strain (*p < 0.05, **p < 0.01, and ***p < 0.001). In all cases, three or more i

Coq proteins [1,50]. Given the effects of distinct COQ gene deletions on
the CoQ synthome composition, we tested whether there is a difference
in the ability of CoQs to rescue strains carrying different COQ deletions
in combination with the endocytic pathway mutations. Deletions of
either COQ2 or COQ3 were combined with erg24, tig24, pepl24, or
vps454, and the resulting strains were assessed for the degree of rescue
by CoQg (Fig. 3A, Table $3). When normalized to the wild-type parental
strain (WT), rescue of the four ORFAcog24 double mutants by exo-
genous CoQg was more robust than rescue of the ORFAcog34 counter-
parts. Similar results were observed if the degree of rescue was com-
pared to the corresponding positive control (either cog24 — CoQg or
cog34 + CoQg), instead of to WT growth (Fig. 3A, Table $3). These
results suggested that cog3A cells are sensitized to the effects of

d as a dash ‘mxmmmﬁmmammmmw

" 3 '3

endocytic pathway mutations on CoQy rescue compared to cog24 cells.
This was most apparent in the case of tig24, which severely inhibited
rescue in cog34 cells but had no effect on rescue in cog24 cells. It thus
seemed possible that the presence of different CoQ< synthesis inter-
mediates might influence the rescue with exogenous CoQe. In a cog34
mutant, the Coq2 polypeptide is present and active, resulting in the
production of two hexaprenylated CoQ, intermediates: 3-hexaprenyl-4-
hydroxybenzoic acid (HHB), and 3-hexaprenyl-4-aminobenzoic acid
(HAB) (Fig. 1) [1]. On the other hand, in a cog24 mutant, CoQ bio-
synthesis is blocked at the hexaprenyl transfer step, and neither HHB
nor HAB can be formed.

To further examine whether the accumulation of early CoQs synthesis
intermediates influences the degree of rescue by exogenous CoQs, we
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focused on a particular endocytosis-defective mutant, tig24, and con-
structed COQI and COQ7 deletion strains. Coql synthesizes the CoQ
polyisoprenoid tail, so its deletion prevents the formation of any hex-
aprenylated CoQ precursors (Fig. 1) [1]. Coq7 is a hydroxylase re-
sponsible for catalyzing the penultimate step of the CoQ biosynthetic
pathway. However, because it is also a required structural component of
the CoQ synthome, its deletion leads to the accumulation of HHB and
HAB [1]. As shown in Fig. 3B, the degree of rescue of either tig2Acog34
or tlg2Acogq74 was significantly different from the mutants carrying
tg2AcoqlA or tig2Acog2A. It is notable that the tg24cog34 exhibits the
most severely impaired degree of rescue (Fig. 3B, Table S3). The same
general trend was observed when the degree of rescue is compared to
each of the corresponding positive controls (e.g. cogld + CoQs:
cog24 + CoQg ete.), instead of to WT growth (Fig. 3B, Table S3). These
results suggest that the accumulation of CoQ hexaprenylated inter-
mediates can affect the restoration of respiratory chain function by
exogenous CoQg.

We then assessed the degree of rescue of each of the cogla to cog94
single mutants in presence of exogenous CoQ, (Fig. 3C). The cogla
mutant grew to WT levels under these conditions (Fig. 3C, Table S3).
Although exogenous CoQs does not completely restore the cog24
growth to WT levels, the response of the cog24 mutant is significantly
better as compared to each of the other mutants, from cog34 to cog94
(Fig. 3C, Table S3). Interestingly, the cog84 mutant is more impaired
than most of the other mutants (Fig. 3C, Table S3). This finding might
suggests an active role of Cog8 in CoQs transport. As cog34 - cog94
mutants are reported to accumulate hexaprenylated CoQg inter-
mediates, these results further support the hypothesis that the presence
of such intermediates inhibits rescue of respiratory defective cells by
CoQs.

3.3. The accumulation of early CoQs hexaprenylated intermediates impairs
CoQy, rescue

The presence of HHB and HAB in cog34-cog94 mutants has been
described previously [1,2,5], but a direct comparison of intermediates
between the different strains is not available. We now show this com-
parison in Fig. 4A. These experiments revealed the loss of CoQj in each of
the cogd mutant strains (Fig. 4B) and a similar accumulation of HHB and
HAB in cog34 - cog94 mutants (Fig. 4A, Fig. S2). None of the cogd mu-
tants accumulated late-stage CoQs intermediates (Fig. S2). In all cases,
several controls were included: WT, which defines normal content of
CoQg and CoQ, biosynthetic intermediates in yeast cells; corld, as an
example of a mutant with normal CoQs content but an inability to respire
due to the deletion of COR1, an essential component of complex [1I; and a
rho0 mutant on the same genetic background, to evaluate the absence of
mitochondrial DNA (mtDNA) on CoQg content. The absence of mtDNA
can be considered a secondary CoQ deficiency [2,51], and accordingly a
dramatic decrease of CoQs is observed (Fig. 4B). Additionally, to in-
vestigate whether altered mitochondrial mass might affect the degree of
rescue of cog3a-cog9d mutants, we measured levels of the porin 1
polypeptide as a mitochondrial mass marker. Mitochondrial mass was
not altered in any of the nuclear mutants (Fig. S3).

If accumulation of hexaprenylated CoQs intermediates HAB and
HHB caused by cog34 - cog94 mutations is responsible for impaired
rescue by exogenous CoQs, then deletion of either COQ1 or COQ2,
which prevent the prenylation, should improve growth of cog34 - cog94
in the presence of CoQe. As predicted, deletion of COQI or COQ2 in a
c0g34 mutant provided a degree of CoQs rescue comparable to either
the cogl4 and cog24 single mutant, and approximately double that of a
c0g3A mutant (Fig. 4C). Similarly, deletion of COQ2 in either a cog74 or
a cog84 mutant enhanced rescue by exogenous CoQ, as compared with
the rescue of either the cog74 or cog84 single mutants (Fig. 4D). In-
terestingly, the rescue of the cog84cog24 mutant was still lower than
the rescue of a single cog24 strain (Fig. 4D). Together, our data indicate
that the accumulation of HHB and HAB intermediates in cog34-cog94

mutants impairs rescue by exogenous CoQs.
3.4. Genes that diminish growth response to exogenous CoQs

To identify genes involved in CoQ, uptake and trafficking to mi-
tochondria, we used a library of double ORFAcog24 mutants, and
tracked their ability to recover growth on YPG when supplemented
with exogenous CoQg. This library was previously developed to identify
proteins or pathways that might be involved in CoQ. or CoQs-depen-
dent growth on non-fermentable substrates [39]. Based on the results
described above, the use of cog24 in the library avoids potential com-
plications from accumulation of HHB and HAB. Rescue with exogenous
CoQs requires vigorous aeration of liquid cultures, which does not
occur in high throughput multi-well assays [52). Therefore, we selected
48 candidate genes that previous literature suggests may be involved in
CoQ, uptake/distribution [32,33,39). The genes can be grouped into
seven categories (Table 1): 16 genes described to have diminished re-
sponse to exogenous CoQ, and CoQ; [39] plus two extra genes involved
in phospholipid and sterol transport (CSR1 and HES1) with limited
growth on exogenous CoQ, and CoQs; 15 genes implicated in yeast
clathrin-mediated endocytosis [53]; four genes that assemble the en-
doplasmic reticulum (ER)-mitochondria encounter structure (ERMES)
[54]; two genes that encode the nucleus-vacuole junction (NVJ); three
genes that represent the vacuole-mitochondria patch (VCLAMP)
[55,56]; four endocytosis genes already described to play a role in CoQ,
transport [33]; and two genes that form the N-terminal acetyl-
transferase B (Nat B) complex. Some ORFicog24 double mutants were
not recoverable from the library (see Table 1), so a total of 40 mutants
were ultimately analyzed.

The ability of each ORFAcog24 double mutant to recover respiratory
growth on YPG in the presence of 2 pM CoQs was monitored for seven
days. In all experiments, WT, cog24 and corlA strains were included as
controls in the presence and absence of CoQg. This screen identified 23
mutants that showed significantly diminished rescue compared to the
positive control (cog24 + 2 uM CoQg) (Fig. 5A), indicating that the
presence of these particular ORFs may be necessary for optimal CoQs
rescue. A representative ORFAcog24 mutant growth curve from each
group is displayed in Fig. S4. Almost all double mutants from the het-
erogeneous Group 1 had diminished ability to be rescued by CoQs, in
agreement with the deficient response to addition of CoQz or CoQs
[39]. Four affected candidates were yeast endocytic factors (Group 2),
while six other members of this group retained the ability to be rescued
with exogenous CoQg. This result suggests that the entire endocytic
pathway may not be necessary for CoQs transport, or that alternative or
redundant mechanisms of CoQs transport may compensate for the de-
letion of a particular gene. A strong deficiency in rescue was also ob-
served in three of the four gene deletions previously studied [33]
(Group 6) and in the members of the Nat B complex. Interestingly, the
groups representing the connections between organelles were in gen-
eral not affected. These results may either exclude gene products in-
volved in organelle connections as participants in the mechanism of
CoQ, transport, or suggest that CoQ, transport has more than one path
and so the elimination of one organelle connection is not sufficient to
produce a defective phenotype.

Deletions of certain genes may not completely abolish the ability of
mutants to grow on YPG, but can still compromise growth. To examine
this, a second round of screening was performed and the ability of the
ORFAcoq24 mutants to grow in the presence of exogenous CoQs was
compared with the corresponding single ORFA. We analyzed the 23
candidates identified in Fig. 5A for their degree of rescue when com-
pared to the single ORFA. It should be noted that two double mutants
were excluded: ger94cog24 and emilacog2A. The growth of the single
qer94 in YPG was highly inconsistent, for reasons that are unclear. In
the case of the emildcog24 mutant, the phenotype observed was un-
likely to be related to CoQg transport, and is being investigated sepa-
rately. Of the remaining 21 ORFAcog24 mutants, 17 candidates were
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Table 1
Yeast gene candidates selected for screening.

ZDSI1, RTS1, IKI3, ELP4, QCRS, 1)/, MDL2,

Genes with diminished response to
Gromp 1| e s e Coe 1) m.mmaagnr::.
Yeast major clathrin-mediated m’, EDEI, CHCI, CLCI, SLA2, END3, SLAI,
Growp 2 sl nu:.m.%‘m'na,m.
Growp 3 Wm MMM, MDMI0, MDMI2, V1114

Vacuole-mitochondria patch
(vCLAMP)

Group 7

Nat B complex

YPT7, VAMG, VAM~™

MDM20, NAT3

Genes depected i light grey represent the ORFAcog24 double mutants that were not recoverable for the

ORFAcog24 libeary.

significantly different from the corresponding ORFA (Fig. 5B), sug-
gesting they are involved in CoQ, transport. The four ORFA that were
eliminated were each rescued to their maximum potential level, in-
dicating that the slow YPG growth is unrelated to CoQs transport. A
good example of this phenomenon can be observed in Fig. S4B, where
the growth of edeldcog24 + CoQg is similar to the growth of edeld,
and both display decreased growth as compared to the positive control.

3.5. Comparison of the CoQz and CoQs rescue phenotypes identifies six
candidates necessary for CoQe transport

In order to identify the most relevant genes in the transport of CoQ,,
we analyzed the rescue phenotype of the 17 previously identified can-
didates in response to exogenous CoQ,. We hypothesized that if the
growth defect of the ORFAcog24 mutants is in fact due to the uptake and/
or distribution of CoQs, a shorter, diffusible isoform of CoQ such as CoQ,
should allow for a better degree of rescue than CoQq. In this scenario,
CoQz will be able to reach the mitochondria of the mutants even when
the mechanisms of transport are impaired. It is important to note that the
degree of rescue of the cog24 mutant in the presence of CoQ, was sig-
nificantly lower than that observed in the presence of CoQg (Fig. S5A). It
is possible that the more rapid diffusion of CoQ, between membranes
due to its far lower hydrophobicity limits its accumulation in the mi-
tochondria where it must partition to recover respiratory function.

Comparison between CoQ; and CoQg rescue phenotypes of each of
the 17 ORFAcoq24 mutants is depicted in Fig. 6A. The CoQ, rescue
phenotype of the mutants on their own can be observed in Fig. S58. Of
the 17 ORFAcog24 mutants analyzed, eight showed statistically sig-
nificant differences between CoQ, and CoQ, rescue. However, only five
ORFAcoq24 candidates fit the criterion of having a degree of CoQ, rescue
significantly greater than that by CoQg. Thus, these five genes (CDC10,
RTS1, RVS161, RVS167, and NAT3) seem good candidates to encode
proteins that are required for CoQg uptake and/or distribution to mi-
tochondria within yeast cells. The known functions of these proteins are
summarized in Table 2. In Fig. S6, we showed that the transformation of
the final five ORFAcog24 candidates with the plasmid pRSQ2 (containing
the COQ2 gene) restores the growth of the ORFA on YPG plates.

Two of the five identified proteins, Rvs161 and Rvs167, function
together in the vesicle scission step of the clathrin-mediated en-
docytosis pathway. Multiple studies have identified Vpsl as a third
player in this mechanism [61,62]. Moreover, Vpsl and Rvs167 have
been reported to function together during endocytosis [63]. VPST was
not part of our initial selection of candidates, but due to its functional
relationship with Rvs161 and Rvs167, we hypothesized that it might

also function in CoQ, transport. The degree of rescue with exogenous
CoQg of the wpslicog24 mutant, in comparison to the positive control
and also with wps14, is represented in Fig. 6B and C. In both cases, the
degree of CoQj rescue is dramatically impaired. In addition, the degree
of rescue with exogenous CoQ, was analyzed, and the comparison with
the CoQs rescue phenotype showed that the “CoQ; rescue > CoQs
rescue” criteria is fulfilled (Fig. 6D). These results confirmed VPST asan

4. Discussion

CoQ,; is among the most widely used dietary and nutritional sup-
plements on the market, ranging from an over-the-counter supplement
to more specific administration for particular disorders [64]. Numerous
disease processes associated with CoQ,, deficiency may benefit from
CoQ1o supplementation, including primary and secondary CoQ,, defi-
ciencies, mitochondrial diseases, fibromyalgia, cardiovascular disease,
neurodegenerative diseases, cancer, diabetes mellitus, infertility, and
periodontal disease [17,65,66]. However, CoQ:o is not an efficient oral
supplement. Its high lipophilicity and poor solubility lead to low
bioavailability due to limited absorption into systemic circulation,
making the effective delivery of CoQ,, to the mitochondria a major
challenge [23,67]. Understanding the mechanism(s) used to uptake and
distribute CoQ, within cells is of great relevance to help CoQ,, become
an efficient therapy. Towards this end, the studies in yeast reported
here uncovered an unexpected inhibitory effect of prenylated CoQ in-
termediates on exogenous CoQ assimilation and identified six genes
required for functional rescue of CoQ-deficency by exogenous supple-
mentation with the normal cellular form of CoQ. While we have utilized
respiration as a means to identify genes that transport CoQ, CoQ sup-
plementation via these transport pathways could offer antioxidant

Multiple lines of evidence support the existence of one or more
import pathways for exogenous CoQs and CoQ;q, as well as an in-
tracellular distribution mechanism for de novo synthesized CoQ from
the mitochondria to other cellular membranes [30-34]. Results pre-
sented in Fig. 2 establish the necessity of transport systems for move-
ment of CoQ:o and CoQe between membranes, supporting the view that
CoQ transport requires the endomembrane system [32,33]. To address
the mechanism of transport, we adopted a genetic strategy in which
gene deletions were screened for effects on the ability of exogenous
CoQs to rescue the growth of a cogd strain defident in CoQ synthesis.
During the course of these experiments, we observed differential re-
sponses of cogd mutants to exogenous CoQs due to reduced rescue in
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strains (cog34-cog94) that accumulate early-stage prenylated CoQg in-
termediates, HHB and HAB (Figs. 3 and 4). This likely also explains the
previous observation that exogenous decylubiquinone blunts rescue by
exogenous CoQ; in cog24 mutants [39]).

The exact reason why the presence of early CoQ, hexaprenylated
intermediates prevents the rescue with exogenous CoQg is not clear, but
different hypotheses can be proposed: CoQs intermediates could (i)
produce a certain level of toxicity that affects the normal operation of
the cells; (ii) mimic the behavior of detergents by trapping CoQy in
micelles and prevent its correct delivery to the mitochondrial inner
membrane; (iii) impede incorporation of CoQs into the mitochondrial
inner membrane by saturating the bilayer or transport proteins with

polyisoprenoids; or (iv) interact with CoQ-utilizing proteins and pre-
vent the proper function of imported exogenous CoQs. It is also possible
that the slight rescue deficiency observed in cog24 (Fig. 3C) is due to
the presence of hexaprenyl-diphosphate in the membranes. The accu-
mulation of CoQ prenylated intermediates is not as well explored in
human cells as it is in yeast cells. However the accumulation of DMQ,,
has been reported in fibroblasts derived from patients with inherited
C0Q4, COQ7, and COQS deficiendies [64,68,69), as well as in fibro-
blasts where COQ3, COQS5, or COQ6 were knocked down with siRNAs
[64]. DMQ is considered a late-stage CoQ intermediate and it is not
clear whether this precursor negatively affects CoQ rescue. However, if
this is the case, patients with CoQ,, deficiencies that accumulate

148



Table 2

Genes identified to be related to CoQs transport.

ORFA (protein name)  ORF d (www.y org) Human homolog
YCR002C (Cdel0) Subunit of the septin complex with GTPase activity. Localizes to the bud neck septin ring, and can function as scaffolds for SEPTS
mmﬂunxtdldlvkbnmmd-bammmptmdﬂ\mdspecﬁ:m
YORO14W (Rus1) Protein ph gt involved in protein dephosphorylation, mitotic spindle orientation checkpoint, and septin ring PPP2RSC
: ‘M.. M1
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YKROOLC (Vpsl) DymmmlikeGTP&mqmdﬁxmhrmptmm in Golgi app P and fission,  Dymamin [57,50]
ytosis, and actin cytosk

Unless otherwise is indicated, the closest human homolog genes were located in the HomoloGene tool from the NCBI database.

DMQ,, might not respond well to CoQ,, supplementation and alter-
native treatments, such as the induction of internal CoQ,, synthesis,
should be considered instead. Based on our results, in addition to CoQ,,
intermediates serving as a potentially important biomarker for the di-
agnosis of CoQ,, deficiency disorders [64], they may also impact se-
lection of an appropriate treatment.

Our use of cog24 cells to screen for genes involved in CoQ, transport
avoids complications that could arise from accumulation of prenylated
CoQs intermediates. This was evident in our analyses of TLG2, previously
identified as required for CoQ, uptake using cog34 cells. In our experi-
ments, whereas deletion of 7LG2 in a cog34 strain impaired rescue by
exogenous CoQg, the same deletion in a cog24 mutant had no significant
impact on rescue, indicating that TLG2 does not play a significant role in
CoQg transport in cells that do not accumulate HHB and HAB (Fig. 3).

Comparison of rescue by CoQg and CoQ, provided a way to dis-
tinguish mutations that specifically impeded CoQs transport (pre-
ferentially rescued by CoQz) from those that generally prevented uti-
lization of CoQ. For example, in addition to TLG2, three other genes
were identified using ORFAcog34 mutants: ERG2, PEP12 and VPS45
(30). Unlike deletion of TLG2, deletion of these genes in cog24 strains
still reduced CoQj, rescue, though not to the extent observed with cog34
cells. However, the cog24 strains harbouring deletions of ERG2, PEP12
or VPS45 were not preferentially rescued by CoQ, (Fig. 6A), suggesting
that defective transport of CoQs is not the underlying issue. Like the
erg2Acog24 mutant, many other ORFAcog24 strains in Fig. 6A re-
sponded similarly to exogenous CoQ: and CoQs, indicating that the
defect in these strains is also more likely to be related to CoQ utiliza-
tion. Notably, pep124cog24 and vps454coq24, as well as pl31AAcog24,
responded better to CoQ, than to CoQ,. The basis for this phenotype
remains to be determined, but may be due to lower levels of delivery to
the vacuole and degradation.

The Cog8 polypeptide is a member of an ancient atypical kinase fa-
mily [70], with several conserved kinase motifs that are essential for CoQ
biosynthesis [71,72]. Unique characteristics have been attributed to
Cog8, including the observation that its overexpression in cogd mutants
augments the levels of several Coq polypeptides, stabilizes CoQ synthome
formation, and restores the formation of CoQ domains [73-77]. We find
it intriguing that cog84 mutant yeast also displayed an unique phenotype
with regard to rescue by exogenous CoQ. Its degree of rescue is lower as
compared to most of the other cogd mutants (Fig. 3C), and the additional
deletion of COQ2 only partially augmented rescue (Fig. 4D). Together,
these observations might suggest an active role of Cog8 in CoQs trans-
portation. Such a role is in agreement with previous studies, where Cog8
has been proposed to function as a chaperone that facilitates the partial
extraction of lipophilic CoQ intermediates out of the inner mitochondrial
membrane and into the aqueous matrix environment promoting the
enzymatic reactions catalyzed by other Coq proteins [78].

Due to their endosymbiotic origin, mitochondria are not embedded

within the vesicular trafficking system [79). Instead, they are connected
to other cellular organelles by multiple membrane contact sites [79,80].
Recently, it has been described that the CoQ synthome is localized to
domains [76]). The CoQ domains are non-randomly localized to ad-
jacent ER-mitochondria contact sites [76,81]. Moreover, it was ob-
served that the disruption of ERMES alters the distribution of CoQs and
its precursors [81]. These observations suggest a role for ER-mi-
tochondria contacts in CoQ domain formation and CoQs production and
distribution from mitochondria to the rest of the cell Our screen to
identify genes involved in CoQg transport revealed that ORFAcog24
strains missing an ERMES gene were not affected in their ability to be
rescued by exogenous CoQs. Deletion of genes belonging to the
vCLAMP or the NVJ families also had no significant impact on rescue by
exogenous CoQgs. These results may suggest that exogenous CoQg is
reaching the mitochondria by a mechanism unrelated to these organelle
connections, perhaps by means of the novel dathrin-mediated vesicle
transport from the plasma membrane to the mitochondria [82), or viaa
still-unknown transport process. It is also possible that transport of
CoQg through organelle connections occurs via redundant steps. It has
been shown previously that for phospholipid exchange, mitochondria
are dependent on at least one functional contact site with the en-
domembrane system: ERMES or vCLAMP, whose functions are tightly
co-regulated [83]. In this case, the loss of one system elicits a com-
pensatory response in the other, and loss of both is lethal. Thus, the cell
is able to adapt and, in the absence of one structure, an increase in the
other serves as a “backup” path for small-molecule transport [83].

We identified six ORFAcog24 double mutants that are compromised
in their CoQg rescue, and perform better when diffusible CoQ; is sup-
plied instead (Figs. 5 and 6). These six ORFs (CDC10, RTS1, RVS161,
RVS167, NAT3, and VPS1) encode proteins that are necessary for CoQs
transport and identify essential steps that cannot be compensated by
other proteins or pathways. Three of these proteins (Rvs161, Rvs167,
and Vps1) are directly involved in the endocytosis process at the plasma
membrane. Rvs161 and Rvs167 are Bin/amphiphysin/Rvs (BAR) do-
main proteins that form a heterodimeric protein complex capable of
deforming the membrane, and are necessary for invagination and
scission of vesicles in the final step of clathrin-mediated endocytosis
[84]. In mammalian cells, in addition to Rvs161/167 homologues, the
GTPase dynamin (Vpsl human homolog) is essential for scission of
clathrin-coated vesicles. In yeast, the role of Vpsl in endocytosis has
been controversial [84], but recent reports demonstrated that Vpsl
functions with the Rvs161/167 heterodimer to facilitate sdssion and
release of the vesicles [61-63,85]. Indeed, Vps1 and Rvs167 were found
to physically interact with each other [63]. The ns1614 and rvs1674
mutants have a specific defect: a significant fraction of the endocytic
patches begins to be internalized and move inward from the cell surface
but are then retracted toward the cortex [86]. This defective phenotype
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might impair the uptake of exogenous CoQg, resulting in the poor
rescue phenotype observed in rvs1614cog24 and rvs1674coq24 double
mutants (Figs. 5 and 6A). Invaginations do not form correctly in the
absence of Vps1 either [61]. Vpsl plays a significant role in endosomal
trafficking, and the wps14 mutant accumulates endosomes in the cyto-
plasm [60]. Perhaps these attributes of the vpsl14 mutant account for
the extremely deficient rescue phenotype of the wpsldcog24 double
mutant (< 5% of the positive control) (Fig. 6B).

Cde10 was also identified in our screens as a protein involved in CoQg
transport (Figs. 5 and 6A). Cdc10 is one of the four core septin proteins in
S. cerevisiae, a group of GTPases that assemble into filaments and higher-
order structures [87-89]. In yeast cells, septin filaments assemble at the
bud neck in a ‘septin ring’, which is essential in cytokinesis during which
it acts as a scaffold to recruit cytokinetic factors to the site of cell division
[88,90]. In addition to scaffolding, the other main function of septins is
to serve as cortical barriers to prevent the free diffusion of membrane
proteins between different compartments [88,90]. Septins may play a
role in endocytosis since they interact with a subset of endocytic proteins,
including Vpsl, and the accessory proteins Syp1 and Sla2 [91]. SEPT9,
the human homolog of Cdc10, has been implicated in endosomal sorting
[92]. Interaction partners previously identified suggested a role for
SEPT9 in vesicle transport to and from the plasma membrane [93]. The
other three core septins (Cde3, Cdell and Cdel2) are encoded by es-
sential genes and therefore the null mutants cannot be interrogated [94].
Whether the involvement of Cde10 (or potentially other septins) in CoQ,
uptake/transport is related to the role of septins in endocytosis or to a
different septin function, will require further experimentation.

The remaining two proteins identified as necessary for CoQg trans-
port, Rts1 and Nat3, may function as regulators. Ris1 is one of the two
regulatory subunits of protein phosphatase 2A (PP2A), a major class of
serine/threonine protein phosphatases that play an important role in
many biological processes [95,96]. The regulatory subunit is thought to
determine substrate specificity, targeting PP2A"™' for regulation of the
mitotic spindle orientation checkpoint, cell size control, and septin ring
organization and disassembly during cytokinesis [96]. Phosphopro-
teomic analyses in rts14 cells reveals 156 hyperphosphorylated proteins,
highlighting the multitude of PP2A™ complex targets [97]. The cyto-
kinesis defect observed in rts14 cells is in agreement with the role of
PP2A™" in the regulation of septin dynamics, possibly by depho-
sphorylating some factor(s) at the bud neck [98]. PP2A"™" reverses
phosphorylation of (at least) septin Shsl and contributes to timely septin
disassembly after cytokinesis [90]. Yet-to-be-identified relationships be-
tween septins and PP2A™"" are possible as suggested by data from other
fungal species. AspB (the CDC3 ortholog in Aspergillus fumigatus) is de-
phosphorylated in a PP2A-dependent manner [99]. To the best of our
knowledge, there is no direct association between PP2A™" and Cde10,
although Rts1 has a strong potential to serve as a regulator during CoQy
transport even if it is not related with septins. Almaost all endocytic
proteins participating in clathrin-mediated endocytosis are phosphory-
lated [100], including Rvs161, Rvs167, and Vpsl [100-102), and are
excellent targets for phospho/dephosphorylation regulation.

The final gene influencing CoQ, uptake or transport is Nat3, the
catalytic subunit of the NatB complex. Together with its auxiliary
subunit (Mdm20), Nat3 mediates the N-terminal acetyl transfer of
about 20% of proteins in yeast and humans [103-105]. In yeast, there
are four functional NATs, and each has distinct substrate specificity
[105,106]. Could N-acetylation modifications play a role in some of the
proteins involved in CoQe transport? This seems less likely given that
mdm204Acog24 had profound rescue defects in response to both exo-
genous CoQ:z and CoQs (Fig. 6A), excluding MDM20 from consideration
as an ORF related with CoQg transport. Thus, we believe that Nat3 and
CoQ, may be connected through an unknown, but NatB-independent,
function of this protein. Although nat34 and mdm204A share several
phenotypes, nat34 mutants possess additional unique phenotypes
[104]). Moreover, Mdm20 has recently been related with several cel-
lular functions independent of Nat3 [107,108], supporting the idea that

Nat3 participates in additional pathways, either by itself or in con-
junction with another auxiliary protein. It is also possible that the de-
ficient rescue displayed by mdm204cog24 (Fig. 6A) is a consequence of
multiple defects in this strain, and that N-acetylation modifications
somehow regulate CoQ, transport.

5. Conclusion

Our studies have revealed deleterious effects of CoQs hex-
aprenylated intermediates on rescue with exogenous CoQs.
Additionally, our research defines six novel proteins as necessary for
appropriate CoQs uptake and transport, and strongly connects CoQs
distribution with endocytosis and membrane trafficking pathways.
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APPENDIX II

Intragenic suppressor mutations of the COQS8 protein kinase homolog restore coenzyme Q

biosynthesis and function in Saccharomyces cerevisiae
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ABSTRACT

Saccharomyces cerevisiae Coq8 is a member of the ancient UbiB atypical protein kinase
family. Coq8, and its orthologs UbiB, ABC1, ADCK3, and ADCK4, are required for the
biosynthesis of coenzyme Q in yeast, E. coli, A. thaliana, and humans. Each Cog8 ortholog retains
nine highly conserved protein kinase-like motifs, yet its functional role in coenzyme Q
biosynthesis remains mysterious. Coq8 may function as an ATPase whose activity is stimulated
by coenzyme Q intermediates and phospholipids. A key yeast point mutant expressing Coq8-
A197V was previously shown to result in a coenzyme Q-less, respiratory deficient phenotype. The
A197V substitution occurs in the crucial Ala-rich protein kinase-like motif I of yeast Coq8. Here
we show that long-term culture of mutants expressing Coq8-A197V produces spontaneous
revertants with the ability to grow on medium containing a non-fermentable carbon source. Each
revertant is shown to harbor a secondary intragenic suppressor mutation within the COQS8 gene.
The intragenic suppressors restore the synthesis of coenzyme Q. One class of the suppressors fully
restores the levels of coenzyme Q and key Coq polypeptides necessary for the maintenance and
integrity of the high-molecular mass CoQ synthome (also termed complex Q), while the other class
provides only a partial rescue. Mutants harboring the first class of suppressors grow robustly under
respiratory conditions, while mutants containing the second class grow more slowly under these
conditions. Our work provides insight into the function of this important yet still enigmatic Coq8

family.
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INTRODUCTION

Coenzyme Q (also termed ubiquinone, CoQ or Q) serves as a vital redox active lipid and
antioxidant molecule necessary for energy production (1,2). Q is composed of a fully substituted
benzoquinone ring and a polyisoprenoid tail whose length is species dependent (3). Homo sapiens
produce Qo with a decaprenyl tail, Escherichia coli produce Qs, and Saccharomyces cerevisiae
produce Q. A primary role of Q in the inner mitochondrial membrane is to serve as a reversible
electron and proton carrier (4). Q accepts electrons and protons from Complexes I and II in the
respiratory electron transport chain, and QH, (ubiquinol or reduced CoQH,) donates electrons and
protons to Complex III (5). Q also functions as an electron acceptor in other biochemical pathways,
such as pyrimidine synthesis, sulfide oxidation, and fatty acid B-oxidation (4,6,7). Human Qo
deficiencies often affect multiple organ systems, including the central and peripheral nervous
systems, kidney, skeletal muscle, heart, and sensory systems (6). Mouse knockout studies show
that a complete lack of Q is embryonic lethal (8). In contrast, yeast mutants lacking Q¢ are unable
to grow on nonfermentable carbon sources, but are able to grow on fermentable carbon sources,
because ATP is generated via substrate-level phosphorylation.

Fourteen nuclear encoded mitochondrial proteins are necessary for the efficient production
of Qs in S. cerevisiae (Fig 1A) (9,10). Coql is responsible for the synthesis of hexaprenyl
diphosphate, and Coq2 attaches the hexaprenyl group to 4-hydroxybenzoic acid (4-HB). Other
Coq polypeptides work to catalytically modify the head group via decarboxylation, hydroxylation,
and methylation steps, in order to produce QH,. Several of the Coq proteins involved in the
synthesis of Qg in S. cerevisiae associate in a high molecular mass complex termed the CoQ
synthome, and localize to the inner mitochondrial membrane on the matrix side (Fig 1B) (9,11).

Cog4 serves as a scaffolding protein and is the central organizer of the CoQ synthome (12). Many
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of the other Coq polypeptides, including Coq3, Coq5, Coq6, Coq7, Cog8, Coq9, and Coql1 are
partner proteins required for CoQ synthome stability, assembly, or enzyme activity (9,11).

Coqg8 is a member of the ancient protein kinase-like (PKL) UbiB family of proteins, as well as a
member of the superfamily of putative atypical protein kinases termed “ADCKs” (aarF-domain
containing kinases) (13). The UbiB PKL family comprises nearly a quarter of all known microbial
PKL proteins, is involved in isoprenoid lipid synthesis, and is necessary for the aerobic production
of Q (14). In humans, there are five UbiB-like homologs, termed ADCK1 - ADCKS; deficiencies
in ADCK1, ADCK2, ADCK3 or ADCK4 have been implicated in various diseases. ADCK3
(COQ8A) and ADCK4 (COQ8B) are co-orthologs of yeast Coq8, since each can rescue the yeast
coq8 null mutant (15,16). Patients harboring mutations in ADCK3 develop cerebellar ataxia
(17,18), while patients with mutations in ADCK4 develop steroid resistant nephrotic syndrome
(16,19). Both types of patients have significantly decreased levels of Qjo. Recently, ADCK?2
haploinsufficiency was observed to cause liver dysfunction, impaired fatty acid oxidation, and
mitochondrial myopathy in skeletal muscle in one patient and in a mouse model (20).

Structural and biochemical studies of human COQ8A revealed an atypical kinase-like fold,
and ATP and ADP were bound in a divalent cation-dependent manner (13). Sequence alignments
identified nine conserved PKL subdomains (13). Analyses of yeast cog8 mutants with mutations
present within the PKL motifs suggest that these conserved motifs are essential for Q biosynthesis
(13,15). Creation of an ATP analog-sensitive version of yeast Coq8 showed that chemical
inhibition with targeted ATP-based inhibitors could be used to rapidly induce a respiratory
deficient phenotype and depletion of Q¢ (21). These studies indicate that ATP binding and
hydrolysis is essential to the function of Coq8 and COQS8A in the biosynthesis of Q. An atypical

Ala-rich loop defines the PKL-motif 1 of COQ8A and replaces the Gly-rich loop present in the
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active site of canonical protein kinases (13). The mutation of a single alanine residue (A339) to a
glycine within the Ala-rich loop of kinase-like motif 1 elicited enhanced autophosphorylation of
COQS8A, but decreased Q production. The A339 of human COQ8A corresponds to A197 of yeast
Coq8; the Cog8-A197V mutation was shown to abolish Q¢ production in yeast (15).

Several Coq polypeptides are shown to be phosphorylated in a Cog8-dependent manner—
particularly Coq3, Coq5, and Coq7—although there is no direct evidence that Coq8 is the kinase
that is responsible for this phosphorylation (15). Instead, mammalian COQ8A and COQS8B, and
yeast Coq8, have been proposed to function as ATPases or small molecule kinases, rather than as
canonical protein kinases (22). In this capacity Coq8 may somehow act to assist the formation or
stability of the CoQ synthome. Coq8 and its ATPase activity are also required for the organization
of the CoQ synthome into puncta or discrete domains that occur at contact sites between the
mitochondria and ER (23,24). Cog4, Coq7, and Coq9 polypeptides are often used as sensitive
indicator polypeptides of the CoQ synthome (12,25). Overexpression of Coq8 augments the steady
state levels of these indicator Coq polypeptides and stabilizes the CoQ synthome (12,25,26).

In this study, we employed a yeast cog8-3 mutant harboring an A197V mutation that was
previously characterized as “Q-less” and unable to grow on rich medium containing glycerol
(YPG) (15). We recovered spontaneous revertants that acquired the ability to grow on YPG.
Surprisingly, characterization of the revertants reveals that each contains a secondary mutation
within the COQS gene, and thus are intragenic suppressors. Overall, we identify and characterize
three novel point mutations that appear to be highly influential in the mode of action of Coq8 and

its contribution to Q production and CoQ synthome stability.
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EXPERIMENTAL PROCEDURES

All reagents were obtained commercially from Fisher Scientific unless otherwise specified.

Yeast strains and culture conditions

The S. cerevisiae strains used in this study are listed in Table 1. All strains were derived
from the W303 genetic background. Liquid yeast culture medium was prepared as described (11)
and included YPD (2% glucose, 1% yeast extract, 2% peptone), YPGal (2% galactose, 0.1%
glucose, 1% yeast extract, 2% peptone), and YPG (3% glycerol, 1% yeast extract, 2% peptone).
Yeast plate medium was prepared by adding 2% Agar (Bacto) to the above mentioned liquid
media. Yeast strains were stored in 30% (v/v) sterile glycerol at —80 °C. Prior to each experiment,
the corresponding strains were plated on to YPD plates, incubated at 30 °C for two to three days,

and the plates with yeast colonies were stored at 4 °C for up to two weeks.

Use of CRISPR/Cas9 to generate NP-183A and NP-183AL

pCAS plasmid was obtained from Addgene (plasmid #60847) (27) (Table 2). NP-183A
and NP-183AL strains harboring the cog8-3 point mutation were prepared via standard yeast
transformation protocol (28) with inclusion of 1 pg of the pCas9 plasmid along with the standard
repair DNA for homologous recombination. The COQS sequence in proximity of the cog§-3 point
mutation (C590T encoding A197V) was designed following a Protospace Adjacent Motif (PAM)
sequence. A 60-basepair repair double stranded DNA that emulated the cog§-3 point mutation was
prepared through restriction free cloning with the QuikChange II Site-directed mutagenesis kit
(Agilent, Santa Clara, CA). The newly desired plasmid and the repair DNA were used to transform

W303-1A. Transformants were plated on YPD with G418 and incubated at 37 °C for one to two
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days to activate the Cas9 enzyme. Colonies observed on YPD with G418 were isolated and grown
on YPD at 30 °C. The COQ8 gene sequence was verified through sequencing and over the region

of the COQS8 gene, NP-183A and NP-183AL (Table 1) each contained just the cog8-3 mutation.

Yeast mating type switch

Mating type switch for NP-183A was performed with the pGal-HO plasmid as described
(29). Single colonies were selected and tested for intact mitochondrial genome by mating with
JM6 and JM8 rho tester strains (Table 1). The rho test also provided verification of the mating

type switch.

Yeast sporulation and tetrad dissection

Diploid cells were induced to sporulate and tetrads dissected as described (30). Respiratory
defective yeast diploid strains were transformed with p3HN4 expressing the wild-type COQS gene
prior to sporulation. Treatment with 5-fluoro-orotic acid (5-FOA) was used to remove p3HN4 from

resulting haploid progeny (30).

Site-directed mutagenesis
Site-directed mutagenesis was performed with the QuikChange Lightning mutagenesis kit
and the XL10 transformation according to the manufacturer’s directions (Agilent, Santa Clara,

CA).
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Purification of mitochondria

Yeast cells were grown in 5 ml of YPGal plus 0.1% dextrose precultures and inoculated
into 600-ml YPGal plus 0.1% dextrose cultures for overnight growth in a shaking incubator (30
°C, 250 rpm). Cells were harvested at an Agponm Of 3.5—4.0, and mitochondria were purified as
described (31) and (11). Protein concentration was measured with a BCA assay using bovine serum

albumin as the standard.

SDS-PAGE and Immunoblot analyses

Protein samples incubated with SDS sample buffer (50 mM Tris-HCI, pH 6.8, 10%
glycerol, 2% SDS, 0.1% bromphenol blue, 1.33% B-mercaptoethanol) were separated on 12% Tris-
glycine SDS-polyacrylamide gels by electrophoresis (32) for 2 hrs at 135 V followed by transfer
to Immobilon-P PVDF membranes (Millipore) at 150 V for 1 hr. Membranes were then blocked
overnight in 3% nonfat milk, phosphate-buffered saline (140.7 mM NaCl, 9.3 mM Na,HPO,, pH
7.4), 0.1% Tween 20 or BSA based blocking buffer for compatibility with LiCor imaging.
Membranes were then probed with primary antibodies (Table 3) in 2% nonfat milk, phosphate
buffered saline, 0.1% Tween 20 or with antibodies diluted in BSA-based buffer compatible with
LiCor imaging. Goat anti-rabbit secondary antibody conjugated to horseradish peroxidase
(Calbiochem) was used at 1:10,000 dilutions. Blots were visualized using Supersignal West Pico
chemiluminescent substrate or directly via the LiCor system when secondary antibody used was

conjugated to a fluorescent signal probe.
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Metabolic labeling of Qs with *Cg¢-labeled precursors

In order to assess the content of de novo synthesized Qg, yeast strains were grown as
described (33). Briefly yeast strains were incubated overnight in 5 ml of YPD in a shaking
incubator (30 °C, 250 rpm) and diluted to an Aggonm 0f 0.1 in 6 ml of fresh YPD the next morning.
The cultures were incubated as before to an Agoonm 0f 0.5 (mid-log phase) and subsequently treated
with *Ce-4HB at 10 pg/ml final concentration (ethanol 0.015%, v/v). At designated time periods,
cells were harvested by centrifugation at 3000 x g for 5 min, from 5 ml aliquots. Cell pellets were

stored at —20 °C.

Analysis of Q¢ and Q4 intermediates

Qs was obtained from Avanti Polar Lipids, Inc. Lipid extraction of cell pellets was
conducted as described (33) with methanol and petroleum ether. Prior to extraction Q4 was added
as the internal standard. To determine the Qg content in yeast strains cultured on YPG plates, the
strains were applied to YPG plates and incubated at 30°C 4-5 days before harvesting. Cells
recovered from the solid plate medium were suspended in YPG liquid medium and the Agpo
determined. Cells were then collected by centrifugation and subjected to lipid extraction. Yeast
strains that failed to grow on YPG were subjected to the same analysis, except that a section of the
solid plate medium harboring the inoculated yeast cells was excised and subjected to the lipid
extraction protocol. This was performed in order to recover cells that were applied to the plate
medium but failed to grow. Lipid measurements were performed by HPLC-MS/MS and
normalized to total OD. Prior to mass spectrometry analyses, all samples were treated with 1.0
mg/ml benzoquinone to oxidize hydroquinones to quinones. Mass spectrometry analyses utilized

a 4000 QTRAP linear MS/MS spectrometer (Applied Biosystems), and data were acquired and
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analyzed using Analyst version 1.4.2 and 1.5.2 software (Applied Biosystems). Separation of lipid
quinones was performed with a binary HPLC delivery system and a Luna 5p phenyl-hexyl column
(100 x 4.6 mm, 5 pm; Phenomenex). The mobile phase consisted of a 95:5 methanol/isopropyl
alcohol solution with 2.5 mM ammonium formate as solution A and a 100% isopropyl alcohol
solution with 2.5 mM ammonium formate as solution B. The percentage of solution B was
increased linearly from 0 to 5% over 6 min, whereby the flow rate was increased from 600 to 800
pl. Initial flow rate and mobile phase conditions were changed back to initial phase conditions
linearly over 3.5 min. Each sample was analyzed using multiple reaction monitoring mode. The
following precursor-to-product ion transitions were detected as well as the +17 m/z ammoniated
adducts for each of the metabolic products: “Cs-HHB m/z 553.4/157.0 (ammoniated:
570.4/157.0), '*C-HHB m/z 547.4/151.0 (ammoniated: 564.4/151.0), *Cs-DMQ¢ m/z 567.6/173.0
(ammoniated: 584.6/173.0), "2*C-DMQs m/z 561.6/167.0 (ammoniated: 578.6/167.0), *C¢-Qp m/z
597.4/203.1 (ammoniated: 614.4/203.1), *C-Q¢ m/z 591.4/197.1 (ammoniated: 608.4/197.1), and

12C-Q4 m/z 455.4/197.0 (ammoniated: 472.4/197.0).

Plate dilution assays

Strains were grown overnight in 5 ml of YPD as described (33) and diluted to an Agg of
0.2 in sterile PBS. A 5-fold serial dilution in PBS was performed, after which 2 pl of each dilution
(1X,5X,25X, 125X, and 625 X) were spotted onto the designated plate growth medium. The
final Agoo of the aforementioned dilution series are 0.2, 0.04, 0.008, 0.0016, and 0.00032,
respectively. The plates were incubated at 30 °C for the designated time periods in days and

subsequently imaged.
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PHYRE homology modeling

S. cerevisiae Coq8 was modeled with the PHYRE2 intensive modeling mode (34). A 44%
identity was obtained compared to PDB ID 4PED, a crystal structure determined for an amino-
terminal truncated human COQ8A. The modeled structure lacks the first 32 amino acids of yeast
Cog8, predicted to function as the mitochondrial targeting sequence. This sequence is excised upon

transport of Cog8 to the mitochondria, resulting in the mature Coq8 polypeptide.

RESULTS
Single nucleotide mutations within COQ8 restore respiratory growth of the Coq8-A197V
mutant

A yeast mutant harboring the cog§-3 allele (see Table 1 for the complete genotype),
is respiratory defective, fails to grow on medium with glycerol as the sole carbon source, and lacks
Qs (15,35). The cog8-3 mutation was identified as A197V, resulting from C590T in the DNA
sequence of the COQS8 gene (Table 4) (15). In order to isolate and characterize spontaneous cog§-
3 revertants, we recreated the Coq8-A197V mutation in the W303-1A wild-type genetic
background. To accomplish this, the C590T mutation was introduced into the W303-1A genome
via CRISPR/Cas9 as described in Materials and Methods, and gave rise to yeast strains NP-183A
and NP-183AL, that each expressed Coq8-A197V (Table 1). Three independent screens were
performed to search for spontaneous revertants, with the acquired ability to grow on YPG plate
medium after incubation at 30 °C for three to four weeks. Colonies observed on the YPG screening
plates were not always capable of sustained growth when reapplied to fresh YPG plate medium.
Thus, colonies were assessed by plate dilution assays prior to being identified as potential

revertants.
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This procedure produced five independent revertant yeast strains termed Rev-AL, Rev-BL,
Rev-CL, Rev-DL, and Rev-EL that carry suppressor mutations (Table 1). Qualitatively, the robust
growth of Rev-CL, Rev-DL and Rev-EL was comparable to wild type, while less robust growth
was observed for Rev-AL and Rev-BL on YPG (Fig 2). Sequence analyses of the cog8 locus in
each of the five revertant yeast strains showed retention of the parental Coq8-A197V mutation
(Table 4). Surprisingly, each of the revertants also harbored a second mutation within the cog8
locus, indicating that the revertant phenotypes were perhaps due to intragenic suppression. Thus,
in addition to the introduced A197V mutation, Rev-AL acquired the L237P mutation, Rev-BL
acquired the P220S mutation, and Rev-CL, Rev-DL, and Rev-EL each acquired the same S232N

mutation resulting from G695A (Table 4).

Dominance tests reveal Rev-AL and Rev-BL are recessive and Rev-CL, Rev-DL, and Rev-
EL are dominant

To test dominance, each haploid revertant was mated with NP-183BH to create diploids
(Table 1). The NPD-A and NPD-B diploids derived from Rev-AL and Rev-BL, respectively, were
unable to grow on YPG, indicating that the L237P and P220S mutations were recessive
suppressors (Figure 3A). Conversely, the NPD-C, NPD-D and NPD-E diploids each grew on YPG
plate medium, and showed the S232N mutation was a dominant suppressor (Fig 3A). To examine
whether each of the revertant phenotypes could be attributed to a single nuclear mutation, the
diploids were sporulated, and four to ten tetrads were dissected for each of the NPD-A, NPD-C,
NPD-D and NPD-E diploids (S1-S3 Figs). In order to permit sporulation, the respiratory defective
NPD-A and NPD-B diploids were first rescued by transformation with a low copy plasmid

expressing wild-type COQOS (p3HN4, Table 2). Although this procedure enabled tetrad dissection
164



of spores derived from NPD-A, we were not able to obtain tetrads from NPD-B. Four dissected
spores from each tetrad were grown on YPD plate medium and replica-plated onto YPG plate
medium. The haploid spores derived from NPD-A were first cured of p3HN4 prior to testing on
YPG medium as described in Materials and methods. Each of the diploid strains yielded tetrads
that segregated 2:2 for respiration (S1-S3 Figs). These results indicated that the ability of Rev-AL,

Rev-CL, Rev-DL and Rev-EL to respire was due to a single nuclear mutation.

The S232N amino acid substitution is solely responsible for restoration of the growth of Rev-
CL yeast on a non-fermentable carbon source

We wanted to determine whether the S232N change was responsible for the gain of
function in the Rev-CL, Rev-DL and Rev-EL revertants expressing Coq8-A197V/S232N. To test
this, p3HN4, a low copy plasmid carrying COQS8, was modified to create different variants. One
variant possessed just the A197V mutation, a second had only the S232N mutation, and the final
variant contained both point mutations (Table 4). The parental mutant, NP-183AL was
transformed with each plasmid and tested for growth on a non-fermentable carbon source. As
expected, NP-183AL with the plasmid expressing Coq8-A197V failed to grow on YPG plate
medium (Fig 3B). However, significant growth was observed for NP-183AL containing the
plasmid plc-Coq8-A197V/S232N and for the plasmid plc-Coq8-S232N (Fig 3B). This result
confirmed that the S232N amino acid substitution was solely responsible for the gain of function
of respiratory growth observed in the Rev-CL, Rev-DL and Rev-EL revertants. In subsequent

studies, Rev-CL was used as the representative mutant for S232N.

165



Structural prediction of yeast Coq8 reveals putative spatial organization of revertant
mutations

A crystal structure for the yeast Coq8 polypeptide has not yet been reported. However, a
partial human COQ8A (ADCK3) structure was characterized and deposited as 4PED in the protein
databank (13). PHYRE2 homology modeling software was used to predict the putative structure
of yeast Coq8, which was modeled at 44% identity to the partial human COQS8A structure 4PED
(Fig4A) (34). Modeling yeast Cog8 in this manner relates the predicted locations of the suppressor
mutations with respect to the previously published COQ8A domains. Yeast Coq8-A197 is the site
of the A197V parental mutation, and is located in the Ala-rich loop of Protein Kinase-Like Motif
I (PKLI), within the beta sheets that are part of the N-lobe (Figure 4; (13)). The suppressor
mutations are all located next to, or within, the GQa5 motif, in what is termed the “N-lobe insert”
(Fig 4; (13)). The relative predicted locations of L.237 (L237P in Rev-AL), P220 (P220S in Rev-
BL), and S232 (S232N in Rev-CL, Rev-DL and Rev-EL) are in close proximity to A197V in the
primary sequence (Fig 4C). However, the mutations in Rev-AL and Rev-CL are estimated to reside
19 A from the A197V mutation, and the P220S in Rev-BL is estimated to reside 13.4 A from the
A197V mutation (Figure 4A, inset). Moreover, it is apparent that L237, P220, and S232 residues
are located on the surface of Coq8, remote from the predicted active site residues in the Ala-rich

region of the PKL1 motif.

Amino acid alignment indicates that S232N in Rev-CL is sustained as a conserved Asn in
other eukaryotic Coq8 homologs
A multiple sequence alignment of yeast Coq8, E. coli UbiB, 4. thaliana ABC1, C. elegans

COQ-8, mouse COQ8A and COQ8B, and human COQ8A and COQ8B homologs shows the
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relative positions of the A197V and the three amino acid substitutions recovered in the revertants
(Fig 4C). The mutations in Rev-AL (L237P) and in Rev-BL (P220S) both correspond to highly
conserved residues in all eight Coq8 homologs. Intriguingly, with the exception of S. cerevisiae,
all eukaryotic sequences examined in Fig 4C have a conserved Asn present at the relative position
of yeast Coq8-S232. Since the Coq8-S232N substitution confers a dominant phenotype that over-
rides the inactive Coq8-A197V mutation, it is possible that the Asn naturally present at this
corresponding position in the other eukaryotic Coq8 homologs may confer an inherently more

active state.

Analyses of Q¢ synthesis and content in the three revertant yeast strains as compared to wild-
type yeast

Growth of WT, cog8A, NP-183A (containing Coq8-A197V), Rev-AL, Rev-BL, and Rev-
CL was assessed in various types of growth medium. When rich medium containing dextrose was
provided as the sole fermentable carbon source (YPD), the six strains followed a nearly identical
logarithmic growth trend over the first five hours (S4A Fig). When glycerol was provided as the
sole carbon source (YPG), initial growth during the first five hours represented two to three
doublings, and was presumably due to utilization of a small amount of dextrose introduced by the
inoculum of yeast cultured in YPD. Over the course of 24 hours, WT and Rev-CL showed similar
vigorous growth, while Rev-AL displayed slower growth on YPG (S4B Fig). When galactose was
provided as a main carbon source (YPGal supplemented with 0.1% dextrose) WT showed the
highest growth, followed closely by Rev-CL, then NP-183A, the cog8A mutant, and Rev-AL, and
with Rev BL showing the slowest growth in this condition (S4C Fig). YPGal medium provides a

fermentable but non-repressive carbon source, and is used for experiments that involve
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mitochondrial extraction and purification (36). It is useful here to establish these growth behaviors
for each strain of interest in order to determine the optimal time course of incubation.

Qs de novo synthesis was measured following incubation with *C¢-4HB, a ring precursor
of Q¢ (Fig 1). In addition, total Qs content, and Qs-intermediates were quantified in each of the six
strains grown in YPD. Over the course of five hours, cells were harvested and lipid extracts were
analyzed for unlabeled '*C-Qs and de novo *C4-Qs levels using HPLC-tandem mass spectrometry.
Rev-CL produced nearly comparable levels of unlabeled Q¢ as WT, while producing slightly lower
levels of de novo *C4-Qs (Figs 5A and 5B). The expanded scale presented in Figs 5C and 5D,
shows that Rev-AL has significantly lower levels of unlabeled and de novo *Cs-Qg. Conversely,
in these YPD cultures Rev-BL lacks detectable levels of unlabeled Qg or labeled *Cy-Qg. In this
regard it behaves identically to the Q-less cog8A and NP-183 A mutants.

WT and Rev-CL yeast strains that produced high levels of unlabeled Qs and de
novo Cg-Qs, also contained comparable levels of unlabeled DMQg and de novo *Cs-DMQs (Figs
6A and 6B), the penultimate intermediate in Q¢ biosynthesis (Fig 1). Rev-AL and Rev-BL, as well
as the cog8A and NP-183 A mutants produced substantially lower or undetectable levels of DMQg
(Figs 6A and 6B). In contrast, these four mutant yeast strains contained relatively high levels of
unlabeled HHB and *C4-HHB as compared to WT (Figs 6C and 6D). HHB is an early intermediate
in Qg biosynthesis that frequently accumulates in yeast cog3 — cogl I mutants with deficiencies in
Qs biosynthesis (9). The relatively high accumulation of *Cs-HHB in Rev-CL suggests that de
novo synthesis of °Cg-Qg is impaired as compared to WT.

Overall, the lipid analyses in YPD medium over a five-hour time course show that the

secondary mutation S232N in Rev-CL restored the capacity to produce Qg to levels comparable to

168



WT, while Rev-AL makes substantially lower levels of Qs. Surprisingly, Rev-BL failed to produce

detectable amounts of unlabeled Qg or labeled *C4-Qs.

Both Rev-CL and Rev-AL are able to synthesize Q¢ in non-fermentable YPG medium

The lack of detectable Qg in the YPD cultures of Rev-BL raised the question, how is this
mutant able to grow successfully on YPG plates? In order to interrogate this further, each of the
six strains was cultured in a YPG glycerol-based medium (non-fermentable) and in the YPD
dextrose-based (fermentable) medium, and analyzed for unlabeled and de novo >C4-Qs production
after five hours of incubation. Rev-CL exhibited comparable levels of unlabeled and de novo *Cg-
Qs to WT, in both types of medium (Figs 7A and 7B), and total ('*C-Qs +"°Cs-Qs) levels in Rev-
CL were nearly identical to WT in YPG (Fig 7C). Rev-AL contained low amounts of unlabeled
Qg, a trait that was more pronounced in YPG medium (Fig 7A). Curiously, neither unlabeled Qg

nor labeled C4-Qs was detected in the Rev-BL yeast under these conditions (Fig 7).

Rev-BL grown on solid YPG plate medium contains Qs

Since culture for five hours in liquid YPG medium failed to allow Rev-BL to produce any
detectable amounts of Qs, we recovered yeast from colonies that were cultured on YPG plate
medium. Under these growth conditions, WT, Rev-AL, Rev-BL and Rev-CL showed growth (Fig
2) and successful production of Qs (Fig 8A). In fact, WT, Rev-CL, and Rev-AL showed
comparable levels of Qg, while Rev-BL produced lower amounts of Qs (Fig 8A). These results
show that under conditions of growth on YPG plate medium, Rev-BL is able to produce Qs. It has
been shown that growth on YPG plate medium requires only 0.2 to 3% of the “baseline” levels of

Qs (9,11,37,38). This may explain the low but comparable growth of Rev-BL and Rev-AL
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observed on YPG plate medium (Fig 2B). As controls, the cog84 and NP-183A yeast strains were
also applied to the YPG plate medium. Although these yeast fail to grow on YPG medium, the
region of the plate containing the applied yeast cells was recovered, and analyzed for Qg and Qs-
intermediates as described in Materials and Methods. Neither Qs nor DMQg were detected in these

lipid extracts, although an early Qs-intermediate HHB, was detected (Fig 8).

Growth in nutrient conditions that facilitate the study of mitochondrial function reveals the
capacity of all three revertants to produce Qg

In order to study mitochondrial function in yeast strains, rich growth medium containing
2% galactose (YPGal) is often used as a non-repressing carbon source (36). The use of this growth
medium circumvents the repression of mitochondrial function mediated by dextrose. For this
analysis, a predominantly galactose carbon source was used (YPGal with 0.1% dextrose). Under
this condition, Rev-CL showed a decreased capacity to produce both unlabeled and de novo *Ce-
Q¢, as compared to WT (Fig 9A), while Rev-AL and Rev-BL produced substantially lower
amounts of unlabeled and *C4-Qs than Rev-CL (Fig 9A, inset). Indeed, only WT and Rev CL
showed detectable levels of DMQg, while all the strains except WT showed accumulation of the

early precursor, HHB (Figs 9B and 9C).

The suppressor mutations in Rev-AL, Rev-BL, and Rev-CL result in different levels of the
CoQ synthome polypeptides

We sought to investigate the effects of the Coq8 suppressors on the levels of sensitive
indicator Coq polypeptides. These indicator polypeptides include Cog4, Coq7, and Coq9, because

they serve key roles in maintaining the high molecular mass CoQ synthome (12). In order to track
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these indicator Coq polypeptides, mitochondria were subjected to immunoblotting with the
primary antibodies described in Table 3. Interestingly, Rev-CL contained nearly wild-type content
of the Cog4 and Coq9 polypeptides, while Rev-AL and particularly Rev-BL had decreased
amounts of Cog4 and Coq9 (Fig 10). This is quite intriguing, since Cog4 has previously been
shown to serve as a central organizer of the CoQ synthome (12). The content of Coq?7 is retained
at near WT levels in Rev-CL and Rev-AL, but was slightly decreased in Rev-BL. This is consistent
with the higher content of Qs in Rev-CL, since Qs production relies on Cog4, Coq7, and Coq9 (9).
It appears as though the Rev-AL and Rev-CL exhibit a near normal amount of Coq8 polypeptide
as compared to WT, while the level of Coq8 polypeptide is lower in Rev-BL mitochondria (Fig

10).

DISCUSSION

Coqg8 is a member of an ancient family of atypical protein kinases with essential roles in
Qg biosynthesis. Coq8 facilitates the assembly of the CoQ synthome, a multisubunit complex that
is essential for the biosynthesis of Qg in yeast (12). Coq8 also mediates the organization of the
CoQ synthome into discrete domains within mitochondria, observed as puncta located adjacent to
ER-mitochondria contact sites (23). These functions are conserved in COQS8A, the human ortholog
of yeast Coq8 (23). E. coli UbiB, yeast Coq8 and human COQS8A possess ATPase activity that is
stimulated by analogs of Q-intermediates (21), although the mechanism(s) by which Cog8 or
COQS8A mediate the assembly or spatial organization of the CoQ synthome (or Complex Q) is still
mysterious (23,39).

In this study we used a yeast Coq8-A197V mutant previously characterized as Q-less and

respiratory deficient (15). The A197V mutation occurs within the crucial Ala-rich PKL-motif I of
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yeast Coqg8, that replaces the Gly-rich nucleotide-binding loop normally present in canonical
protein kinases (13) (Fig 4C). Thus, the A197V mutation occurs within the presumed active site
of the Coqg8 polypeptide, and is likely to impact the binding of ATP and its hydrolysis. Here, we
characterized spontaneous revertants of the Coq8-A197V mutant that were isolated following
long-term culture in growth medium containing glycerol, a non-fermentable carbon source. Each
revertant (Rev-AL, Rev-BL, Rev-CL, Rev-DL and Rev-EL) acquired the ability to grow on
medium containing glycerol and to synthesize Qg. Surprisingly, each revertant was found to
contain a secondary mutation within the COQS8 gene, suggesting that the recovery of glycerol
growth and Qg synthesis resulted from an intragenic suppressor mutation.

Each of the intragenic suppressor mutations was determined to reside next to or within the
GQa5 helix of Cog8. The GQa5 helix is one of two helices that form an insert located between
the beta sheet (B3) and the aC helix (Fig 4). This insert is part of a distinct and conserved feature
present in each of the PKL members of the UbiB family (13). Each intragenic suppressor mutation
was predicted to lie near the surface of Cog8, and to range a distance of 14 - 19 A from the A197V
mutation (Fig 4). It is tempting to speculate that the surface location of the Coq8 suppressor
mutations allows them to mediate interactions of Coq8 with other Coq subunit proteins of the CoQ
synthome. Because expression of Coq8-A197V/S232N is able to dominantly suppress the parental
mutant phenotype, it may serve to displace the Coq8-A197V polypeptide. In contrast the recessive
intragenic suppressors are unlikely to be able to displace the Coq8-A197V polypeptide (Fig 11).

Differences between the two classes of revertants (dominant and recessive) are also evident
from their capacity to synthesize Qq. Rev-CL displayed the capacity to synthesize levels of Qs
comparable to wild-type yeast. Rev-AL and Rev-BL, however, produced much lower amounts of

Qs, yet still showed the ability to make significant quantities, when cultured on YPGal + 0.1%
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dextrose liquid medium or when cultured on YPGlycerol plate medium. Thus, we hypothesized
that the Coq8-A197/S232N polypeptide present in Rev-CL may act to restore levels of the Coq
polypeptides that are components of the CoQ synthome.

Determining the levels of sensitive indicator Coq polypeptides tested this idea. Rev-CL
displayed robust levels of Cog4, Coq7, and Coq9 polypeptides. The Coq8-A197V/S232N
polypeptide was also present at levels comparable to Cog8 in wild-type yeast. This is consistent
with the high levels of Qg synthesis in the Rev-CL yeast. In contrast, the recessive revertants, Rev-
Al and Rev-BL produced much less Qg, and retained low amounts of the Coq4 and Coq9 indicator
polypeptides.

It is notable that the Coq8-A197V/S232N polypeptide in Rev-CL allows for efficient
respiration and a near perfect restoration of Qg production. In eukaryotic Coq8 homologs, an Asn
residue normally occupies this same location as S232 (Fig 4C). It is possible that the yeast Coq8-
S232N point mutation restores Qg biosynthesis by mimicking the sequence of higher order
eukaryotic Coq8 orthologs.

A distinct mutation of A197G in Coq8 has been shown to decrease Qs content and inhibit
growth on glycerol containing medium (13), and also results in enhanced ATPase activity and cis-
autophosphorylation (21,22). Similar trends of ATPase and cis-autophosphorylation are noted for
the A339G mutation in human COQS8A, which corresponds to Coq8-A197G (21,22). It would be
interesting to perform similar activity assays on the Coq8-A197V and each of the three revertants.

Protein kinase activity in trans has not been demonstrated for any of the UbiB, Cog8, or
COQS8A PKL orthologs (22). It is possible that the full-length activity of Coq8 may show different
properties than the truncated versions used in activity assays to date (40). A recent report identifies

a PKL family member with distinct ATP-dependent ligation activity (41). There is precedent in A.

173



thaliana for trans phosphorylation mediated by an ABC1K homolog of the UbiB family. ABC1K1
has been shown to phosphorylate VTEI, a plastoglobule protein involved in vitamin E synthesis
(42). ABCIKI1 is one of five ABC1K homologs located within the plastoglobule, a lipid droplet
within the plastid that contains prenylated lipids including plastoquinone and vitamin E (43).
Finally, it is possible that phosphorylation sites may control transport into the mitochondria, since
several sites present in Coq7 and Coq9 polypeptides are located near the amino terminus, and are
not present in the full length polypeptide (15,44,45). The phosphatase Ptc7 in yeast and PPTC7 in
human cells have recently been shown to aid in import of mitochondrial proteins (46). It will be
important to determine the effect of the revertant mutations on the role of full-length Cog8 in order

to understand its mechanisms of action in Q biosynthesis.
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Table 1. Genotypes and sources of yeast strains

Strain Genotype or description Source

W303-1A MAT a leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 | R. Rothstein®
his3-11,15

C183 MAT a met6 cog8-3 (35)

W183-2A MAT a his3-1,15 trpl-1 ura3-1 cog8-3 (15)

IM6 MAT a his4 rho’ J.E. McEwen"

IM8 MAT a adel rho’ J.E. McEwen®

W303Acog8 MAT a ade2-1 his3-1,15 leu2-3,112 trpl-1, ura3-1 | (47)
coq8::HIS3

NP-183A MAT a leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 | This work
his3-11,15 cog8-3

NP-183AL MAT a trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 | This work
coq8-3

NP-183B MAT o leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 | This work
his3-11,15 cog8-3

NP-183BH MAT o leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 | This work
coq8-3

Rev-AL MAT a trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 This work
coq8-3 SupRA

Rev-BL MAT a trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 This work
coq8-3 SupRB

Rev-CL MAT a trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 This work
cogq8-3 SupRC

Rev-DL MAT a trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 This work
coq8-3 SupRD

Rev-EL MAT a trpl-1 canl-100 ura3-1 ade2-1 his3-11,15 This work
c0q8-3 SupRE

NPD-NP diploid produced from NP-183BH x NP-183AL This work

NPD-A diploid produced from NP-183BH x Rev-AL This work

NPD-B diploid produced from NP-183BH x Rev-BL This work

NPD-C diploid produced from NP-183BH x Rev-CL This work

NPD-D diploid produced from NP-183BH x Rev-DL This work

NPD-E diploid produced from NP-183BH % Rev EL This work

“ Dr. Rodney Rothstein, Columbia University, ° Dr. Joan E. McEwen
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Table 2. Plasmid constructs used in this study

Plasmid Construct Description Copy Number | Source
pCAS Expresses S. pyogenes Cas9 plus a Multi copy (27)

HDYV ribozyme-sgRNA for genome

editing in yeast
p3HN4 Yeast ABC1/COQS8 Low copy (48)
p4HN4 Yeast ABC1/COQS8 Multi copy (49)
plc-Coq8-A197V Yeast ABC1/COQ8 with Coq8-A197V | Low copy This work
plc-Coq8-S232N Yeast ABC1/COQS8 with Coq8-S232N | Low copy This work
ple-Coq8- Yeast ABC1/COQ8 with Coq8-A197V | Low copy This work
A197V/S232N and S232N

Table 3. Antibodies used in this study

Antibody Working solution Source
Coq4 1:1000 (50)
Coq7 1:500 (51)
Coq8 1:30 (affinity purified) (52)
Coq9 1:1000 (52)
Mdhl 1:10,000 Lee McAlister-Henn”

Table 4. Amino acid and nucleotide substitution of cogq$8 alleles

NP-183AL A197V (C590T)

Rev-AL A197V (C590T) and L237P (T710C)

Rev-BL A197V (C590T) and P220S (C658T)

Rev-CL A197V (C590T) and S232N (G695A)
Rev-DL A197V (C590T) and S232N (G695A)
Rev-EL A197V (C590T) and S232N (G695A)
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FIGURES

Fig 1. Coenzyme Q biosynthetic pathway in S. cerevisiae and the formation of the high-
molecular mass CoQ synthome. A, The pathway for the enzymatic formation of Qg in yeast,
starting with 4-hydroxybenzoic acid as the ring precursor. Questions marks indicate unknown
steps involved in the decarboxylation and hydroxylation of the intermediate(s) leading to reduced
coenzyme QgH,. B, The schematic of a high-molecular mass complex in yeast, termed the CoQ

synthome. Coql, Coq2, and Coql0O polypeptides are not observed as members of the high-
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molecular mass complex. Coql and Coq2 produce HHB (designated by the dark gray hexagon).
This early CoQ-intermediate is converted by subsequent action of Coq6 and other Coq
polypeptides to an essential lipid component of the CoQ synthome (shown as a light gray hexagon
in association with Cog4). Coq8 physically associates with Coq6 and is an ancient atypical kinase,
thought to be responsible for the regulatory phosphorylation of Coq3, Coq5 and Coq7 and/or

ATPase activity. Qg, the product of the CoQ synthome, is designated by the orange hexagon.
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Rev AL

Rev BL

Rev CL

Rev DL

Rev EL

YPD (4 days) YPG (4 days)

Fig 2. Spontaneous revertants of NP-183AL expressing Coq8-A197V show respiratory
growth on YPG plate medium. The designated yeast strains (Table 1) were each grown overnight
in 5 mL of YPD, diluted to an Agponm 0Of 0.2 with sterile PBS, and 2 pL of 5-fold serial dilutions
were spotted onto the designated plate medium, corresponding to a final ODgoonm of 0.2, 0.04,
0.008, 0.0016, and 0.00032. Plates were incubated at 30 °C, and growth is depicted after four days.

Results shown are representative of four independent biological replicate experiments.
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YPD (4 days) YPG (4 days)
B

W303-1A

NP-183-AL ®Oh

“3
NELINEEIVE S @ & ¢« T 0 ¢ & <« “O® R 5

plc-coq8-3 Q0D .08 ¢ 4 -
QeSO Y O & & ‘g0 @ %9 § & -,
JESLRIVEI I G @ & £ 0 0 @ © oS &

YPD (3 days) SD-Ura (3 days) YPG (3 days)

Fig 3. The Coq8-S232N substitution present in Rev-CL, Rev-DL, and Rev-EL is dominant,
and its presence is sufficient to restore growth of the Coq8-A197V mutant on YPG. 4, Each
isolated revertant (Rev-AL, Rev-BL, Rev-CL, Rev-DL, and Rev-EL) was mated with parental
mutant, NP-183BH and the respective diploid strains (NPD-A, NPD-B, NPD-C, NPD-D, and
NPD-E) were isolated as described in Experimental Procedures. As a control, NP-183AL was
mated with NP-183BH to form a diploid strain NPD-NP containing two copies of the cog8-3
mutation. The derived diploid strains were then plated on YPD, a fermentable carbon source, and
YPG, a non-fermentable carbon source. The haploid wild-type strain, W303-1A, was also
included. Plates were incubated at 30 °C for 4 days Panel 4 is representative of two independent

biological replicate experiments. B, Expression of Coq8 harboring the dominant SupRC mutation
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present in Rev-CL rescues the growth of the NP183AL cog8-3 mutant on non-fermentable
carbon source medium. Yeast plate dilution assay was conducted on parental mutant, NP-183AL,
transformed with the designated plasmids: plc-Coq8 (p3HN4), yeast low-copy COQS; plc-
A197V, yeast low-copy Coq8-A197V; plc-S232N, yeast low copy Coq8-S232N; or plc-
A197V/S232N, yeast low copy Coq8-A197V/S232N. Each strain was cultured overnight in
SD—Ura selective plate media, and the optical density (Asoonm) adjusted to 0.2 with sterile PBS,
and 2 pL of 5-fold serial dilutions were spotted onto each type of plate medium, as described in
Fig 2. Cells were incubated at 30° C for 3 days. Panel B is representative of two independent

biological replicate experiments.
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sp|P27697|COQ8_YEAST 194
SPBC2D10.18|ABC1_SCHPO 302
sp|POA6AO | UBIB_ECOLI 129
sp|Q9SBB2 |ABC1_ARATH 301
sp|Q18486|COQ8_CAEEL 435
sp|Q60936| COQ8A_MOUSE 333
sp|Q566J8 | COQ8B_MOUSE 216
sp|Q8NI60|COQ8A_HUMAN 336
sp|Q96D53 | COQ8B_HUMAN 215

S232N  L237P

Fig 4. Structural prediction of S. cerevisiae Coq8 and sequence alignment with Coq8
homologs depict the sites of the A197V and suppressor mutations. 4, PHYRE2 homology
prediction of yeast Coq8, modeled to a 44% identity to PDB 4PED, corresponds to the partial
structure of crystallized human COQS8A (13,34). The structural features of Coq8 and COQS8A are
color-coded as described previously (13): The N-lobe folds into B-sheets, gray and a single helix
aC, red; inserted between these features are the GQaS5 and GQu6 helices, green; the C-lobe is

shown in yellow; an N-terminal extension is shown in bl/ue. The color-coding of the amino acids
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are: A197, pink; L237, cyan; P220, orange,; and S232, purple. These locations are the sites of the
parental mutant, Coq8-A197V and the three revertants, Rev-AL (L237P), Rev-BL (P220S), and
Rev-CL (S232N). Rev-DL and Rev-EL also contained S232N.The predicted 32 amino acid
mitochondrial targeting sequence of Coq8 (53) has been removed from the model to allow for the
accurate depiction of the mature polypeptide. 4 inset, The predicted distances between the A197
and each of the amino acid substitutions present in Rev-AL, Rev-BL, and Rev-CL are shown on
the structure following its rotation of 90° counterclockwise. B, Yeast Coq8 is depicted in the same
orientation and color-coding as for the previously published ADCK3 (13). C, Multiple sequence
alignment and depiction of the locations of the mutations present in each of the yeast revertants.
Secondary structure as predicted in the model of Cog8 is depicted above the yeast Coq8 sequence.
A197V is present within the cog§-3 parental mutant, and is present in each of the revertants. In
addition, L237P occurs in Rev-AL, the P220S in Rev-BL, and the S232N is present in Rev-CL,
Rev-DL and Rev-EL. The alignment included the designated Coq8 homologs from S. cerevisiae,
S. pombe, E. coli, A. thaliana, C. elegans, M. musculus, and H. sapiens. The amino acid alignment

was built using MUSCLE and visualized using EsPript (54).
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Fig 5. In YPD liquid medium, biosynthesis of Q¢ in Rev-CL is nearly comparable to WT,
while Rev-AL produces substantially lower levels of Qs compared to WT, and in Rev-BL Qg
is not detected. 4, Levels of unlabeled Q4 (‘*C-Qs) and B, de novo synthesized *C¢-Qg (*Cs-Qo)
in each strain were determined at the designated time points after labeling with *Cs-4HB in YPD
medium. Unlabeled Qg and de novo labeled *Cs-Qs were not detected in cog84, NP-183A or in
Rev-BL at any of the time points; this is denoted as “ND” at the 5 h time point for simplicity. C
and D, The expanded scales show the levels of unlabeled and de novo *Cs-Qg present in the Rev-
AL strain. Error bars, S.D. of n=3 biological replicates (unpaired Student’s t test between all strains
compared to WT, with statistical significance represented by: *p<0.05, **p<0.005, ***p<0.0005).

Results are shown for three independent biological replicate experiments.
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(unpaired Student’s t test between all strains compared to WT, with statistical significance
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Fig 7. Rev-CL and Rev-AL are able to synthesize Q¢ in YPG liquid medium, and Rev-CL
produces comparable levels of total Qg (**C-Qs + *C4-Qg) as WT. 4, Levels of unlabeled Qg
(*C-Qe) and B, de novo synthesized *Cs-Qs (°Cs-Qs) in WT, cog8A, NP-183A, Rev AL, Rev
BL, and Rev CL were determined after labeling with '*C4-4HB for 5 hours in YPD or YPG
liquid medium. C, Total Q¢ (**C-Qg + *C4-Qs) content is shown for all labeled strains in both
YPD and YPG medium. Error bars, S.D. of n=3 biological replicates (unpaired Student’s t test
between all strains compared to WT in the same type of medium, with statistical significance
represented by: *p<0.05, **p<0.005, ***p<0.0005). “ND” indicates lipids levels that were non-

detectable in the indicated strains. Results are shown for three independent biological replicate

experiments.
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Fig 8. Assessment of Qg and Q¢-intermediates in strains following incubation on YPG plate

medium reveals the presence of Q¢ in Rev-BL. A, Levels of unlabeled 12C'COQ6; B, 1*C-

DMQg; and C, '>C-HHB in WT, cog8A, NP-183A, Rev AL, Rev BL, and Rev CL were

determined on colonies that were cultured on YPG solid medium for two days. Error bars, S.D.

of n=3 biological replicates (unpaired Student’s t test between all strains compared to WT, with

statistical significance set at p<0.05). “ND” indicates lipids levels that were undetectable in the

indicated strains. Results are shown for three independent biological replicate experiments.
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Fig 9. Growth in YPGal (a nonrepressive carbon source) reveals all three revertants are
capable of de novo *Cs-Qg production. 4, Levels of unlabeled '*C-Qs and de novo “Cy-Qs; B,
unlabeled '*C-DMQg and de novo *Ce-DMQg; C, unlabeled '*C-HHB and de novo *C¢-HHB in
WT, cog8A, NP-183A, Rev-AL, Rev-BL, and Rev-CL were determined in cultures of yeast labeled
for 5 hours with °C¢-4HB in YPGal + 0.1% Dextrose liquid media. The expanded y axis in the
panel 4 inset demonstrates the levels of Qg production in Rev-AL and Rev-BL. Error bars, S.D.
of n=3 biological replicates (unpaired Student’s t test between all strains compared to WT, with
statistical significance represented by: *p<0.05, **p<0.005, ***p<0.0005). “ND” indicates lipids
levels that were non-detectable and lower than background in the indicated strains. Results are

shown for three independent biological replicate experiments.
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Fig 10. Amounts of indicator Coq polypeptides in mitochondria isolated from Rev-CL are
restored to near WT levels. Levels of Cog4, Coq7, Cog8, and Coq9 polypeptides were
determined by SDS-PAGE and immunoblotting. Samples were separated on 12% SDS-PAGE gels
and then transferred to PVDF membranes for immunoblotting with antisera to the designated yeast
Coq polypeptides. 25 ng of purified mitochondria was analyzed for each strain. Arrows indicate
each antibody-detected protein in their respective blots; a cog null strain in each respective Coq
polypeptide blot was used as a reference for the absence of the desired band of interest. Blots were
performed two times each. The Mdhl blot serves to validate the samples used in all the blots; the
samples that were loaded in the Mdh1 blot are those of the same preparation as used for the Coq4,

Coq7, Cog8, and Coq9 blots.
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Fig 11. Model for the restoration of Qs biosynthesis in three revertants. 4, Under conditions
of Coqg8 expression in wild-type yeast, benchmark values of Qg production are noted and the wild-
type amounts of key Coq polypeptides (Cog4, Coq7, Cog8, and Coq9) are defined. B, the yeast
cog8A mutant lacks Qg, has a lower content of the Coq7 polypeptide, the Cog4, Coq8, and Coq9
polypeptides are not detectable, and the early intermediate HHB accumulates. C, the yeast mutant
expressing the Coq8-A197V polypeptide lacks Qg, has a lower content of the Coq7 polypeptide,

the Cog4 and Coq9 polypeptides are not detectable, and the early intermediate HHB accumulates.



D, The dominant Rev-CL revertant restores Qg production and the stability of the Cog4, Coq7 and
Coq9 polypeptides. E, The recessive Rev-AL revertant has partially restored Qe biosynthesis.
However, amounts of the Cogq4 and Coq9 polypeptides are low and this results in greatly impaired
synthesis of Qg. F, The recessive Rev-BL revertant exhibits very low levels of Qg biosynthesis,
and has dramatically decreased content of the Coq4 and Coq9 polypeptides, even though Coq8

and Coq7 polypeptides remain readily detectable.
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Coenzyme Q (ubiquinone 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 COQ1-COQ11 yeast
genes are required for efficient biosynthesis of yeast CoQ. Expression of human homologs
of yeast COQ1-COQT10 genes restore CoQ biosynthesis in the comresponding 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, 2 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 B-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 CoQs in the yeast Saccharomyces cerevisiae and
the relevance of this model to the biosynthesis of CoQys in human cells. Readers are directed to other

202



[ Essays in Biochemistry (2018) 62 361-376
°® FROE%EMND https://doi.org/10.1042/EBC20170106

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 CoQ,, 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 cogq
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 cog 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 CoQyo biosynthesis) homolog restores
function in the corresponding yeast cog mutant. This rescue of yeast cog 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 CoQs in the yeast model is highly relevant
to the biosynthesis of CoQy 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 CoQs biosynthesis) polypeptides are nuclear
encoded, and amino-terminal mitochondrial targetting sequences are needed to direct their transport to the mito-
chondrial matrix (Coql, Coq3-Coql1) or to the inner mitochondrial membrane (Cog2). 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 Hfd1. 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 CoQs deficiency that may be complemented by the
addition of exogenous 4HB. Expression of the human homolog ALDH3A1 restored CoQs 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 ALDH3A 1 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 CoQs [20,21]. Yeast Cog6
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 arow. 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 hydroguinones: DDMQH;, 2-hexaprenyl-6-methoxy-1,4-benzenediol; DMQH;, 2-hexaprenyl-3-methyl-6-methoxy-1,4-benzenediol;
DMeQHg, 2-hexaprenyl- 3-methyl-6-methoxy-1,4,5-benzenetriol; to ultimately produce the final reduced product (CoQ,H;). 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 (CoQ,H3) and (CoQ,) 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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00000008 00000000000000000000
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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 Cog3-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 Cog10 are in-
dividual polypeptides that do not associate with the complex (indicated in gray). Cog1 and Coq2 synthesize the early intermediates
HHB and HAB (denoted by red hexagon with a gray hexaprenyl tzil). Cog10 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 ‘2??"). The function of Coqg8 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, Cog5, and Coq7 may be from Cog8 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 Ptc7., the product
of the spliced form of PTC7 (not shown).

the ring nitrogen substituent [22]. Cog9 is also required for Cog6 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 CoQs [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 CoQs 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 CoQy and CoQyo 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 COQ1; 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 Coq] 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 (n) 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. CoQ,, in humans, CoQq 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 CoQ,o 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 phenotypesisa
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 coq3-coq9 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 Coq1l 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 cog2 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 CoQs 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
COQ?7 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 Coqg3, binds to liposomes containing
cardiolipin [50]. Structural determination of UbiG identifies it as a seven -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, Cog5, Coqg6, Coq7, Coq9, and
Coql1 polypeptides, in a high molecular mass complex that contained CoQs and several CoQs-intermediates [12].
Thus Coq3 is an integral member of the CoQ synthome in yeast. The phosphorylation state of Cog3 may modulate
the stability of the Cog3 polypeptide and that of the CoQ synthome [52,53]. Overexpression of Cog8, 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 Cog4, Coq6, Coq7, and Coq9 polypeptides, and stabilized the CoQ synthome. Treatment of cog3 null
mutants overexpressing Cog8 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 DMQ, [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 cog3 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 cog3 null mutants rescued growth on a2 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 CoQyo deficiency have been reported for the
human COQ3 gene.

Yeast COQ4; human COQ4

Yeast Cog4 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 Cog3, 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 o helices bound
to a geranylgeranyl monophosphate lipid. A conserved HDxxHxo_13E motif [56) chelated 2 magnesium ion (Mg**)
near to the phosphate head group [57]. From this structure, the function of Cog4 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 CoQs 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 cog4 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 COQ4 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,, 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 B-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 DDMQH, [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 Cog8 in the coq5 null yeast mutant results in the increased steady-state levels of the Cog4, Coq7,
Coq9 polypeptides, the stabilization of the CoQ synthome, and the accumulation of DDMQH,, 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 Cog5 polypeptide, however, this has not yet been tested.

Regulated expression of yeast Cog5 is necessary for the correct assembly of the CoQ synthome. Recently, two
mechanisms of COQS5 post-transcriptional regulation have been elucidated. The RNA binding protein Puf3 regulates
the translation of appropriate amounts of Cog5 so the CoQ synthome can be assembled [66]. Oct1 is 2 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 Cog5 and its stability [67]. There is also evidence
that yeast Coq5 is phosphorylated in a Cog8-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 cog5 null mutant overexpressing Cog8, but not a cog5 null mutant [68]. Thus, human COQS5 is an
ortholog of yeast Cog5, but can rescue yeast only when the other yeast Coq partner proteins are present and the CoQ
synthome is assembled. Primary CoQo 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 COQS5 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 CoQ,, 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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CoQyo levels is consistent with the observation that decreases in COQ5-containing mitochondrial protein complex
impairs the production of CoQyq [70].

Yeast COQ6; human COQ6

The yeast Cog6 polypeptide is characterized as a flavin-dependent monooxygenase [71]. Conserved catalytic regions
in Coqg6 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 Coqé 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 Cog6 polypeptide is peripherally associated with inner mitochondrial membrane on the matrix side
[71], and associates with Cog4, Coq5, Coq7, Cog8, and Coq9 polypeptides of the CoQ synthome [12]. Recent inves-
tigations discovered a physical association of Cog6 with Cog8 [12]. Yeast cog6 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 cog6 null
yeast mutants provided yeast COQS8 is overexpressed [24].

The human homolog COQS, 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 CoQy 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,, can stop the progression of kidney disease, and this therapy should be
started immediately at first suspicion of CoQ, 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 Cog6 via the coupled system of ferredoxin (Yah1) an iron-sulphur
protein, and ferredoxin reductase (Arh1) [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 cog6 alleles [21,73]. YAH1 and ARH]1 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 CoQy is not yet known.

Yeast COQ7 (CAT5) and PTC7; human COQ7 (CATS5, 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 COQ?7 rescues the CoQs deficiency of yeast cog7 null mutants [83], indicating profound
conservation of function. Overexpression of a soluble fusion protein containing human COQ?7 polypeptide fused toan
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 coq7 null mutants accumulate the early CoQ-intermediates HHB and HAB, while cog7 point mutants [80]
and coq7 null mutants overexpressing Coq8 accumulate DMQj the penultimate intermediate in the pathway [24,85].
Expression of the unrelated E. coli UbiF hydroxylase rescued a cog7 point mutant, but failed to rescue the cog7 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, Cog6, and Coqg9 polypeptides [12].

A mutation in the human COQ?7 gene is associated with a primary ubiquinone deficiency, and results in multiple
organ involvement [87]. Interestingly, the deficiencies in CoQyo 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 COQ7 has been shown to impact the rates of CoQ, biosynthesis, both at the level of NF-xB
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 CoQ,.

Yeast Coq7 is modified by phosphorylation [12,53]. Predictive algorithms suggested that the phosphorylation status
of Coq7 was regulatory for CoQs 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 CoQs 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
Cogq7 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 2 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]. PPTC?7 is the human serine/threonine phosphatase homolog
of yeast Ptc7, however it is not known whether phosphorylation regulates human COQ7, and if so, whether PPTC7
recognizes it as a substrate.

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

The S. cerevisiae Cog8 polypeptide is identified as a putative kinase in the biosynthetic pathway of CoQs. Cog8
harbors six of twelve motifs present in protein kinases and is required to observe the presence of phosphorylated forms
of Coq3, Cogs5, and Coq7 polypeptides [53]. Cog8 co-purifies with the CoQ synthome [12]. Further, overexpression
of Cog8 in certain of the coq null strains restores steady state levels of Cog4, Coq7, and Cog$, and stabilizes the
formation of the CoQ synthome [24,34].

Expression of human COQ8A (ADCK3) in yeast cog8 mutant strains restored CoQ; biosynthesis and the phos-
phorylation state of several of the yeast Coq polypeptides, indicating a profound conservation of function [53]. Rescue
of yeast cog8 mutants by human COQ8A depended on fusion to a yeast mitochondrial targetting sequence [53). Yeast
Coq8 and human COQ8A 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 COQS8A 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 CoQs 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 cog8 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 cog9 mutant
(coq9-ts19) shifted to the non-permissive temperature results in the disassembling of the CoQ synthome, demon-
strating that Coq9 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 Cog6, and yeast with coq9 mutations
accumulate 3-hexaprenyl-4-aminophenol (4-AP), an intermediate that has also been shown to build up in a cog6 null
mutant overexpressing COQ8 [24]. It is therefore likely that both Coq6 and Coq$ 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 Cog9 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 COQS 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 COQ?9 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 COQ?7,
and the two polypeptides interact [13]. Human cells with deficiencies in COQS 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
COQ9 show decreased steady state levels of the COQ?7 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, COQ9 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 COQ10; human COQ10A, COQ10B

Unlike the completely CoQ-less cogI-coq9 null mutants, the yeast coq10 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, Coql0 is re-
quired for efficient function and biosynthesis of CoQs. The Coq10 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 Coq10 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 COQ10A 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 COQI0A rescue the impaired growth of yeast coq10A mutant yeast [110]. Currently, there is no
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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 NDUFA9S

COQ11 (YLR290C) was recently identified to be required for efficient de novo CoQ biosynthesis in S. cerevisiae.
Affinity purification of CNAP-tagged Coql1 showed Coq11-CNAP co-purified with Cog4, Cog5, and Coq7 — mem-
bers of the high molecular mass CoQ synthome [12]. A separate high throughput study also identified Coqll 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-Coq10 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 COQI0, 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 Coq11 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 NDUFASY, an auxiliary subunit of Complex I in humans important for complex stability
[12,118-120]. Patients with decreased levels of NDUFAS 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 NDUFAS will help define their functional relationship.

Summary

The COQ1-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 coq 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 muilti-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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Abstract Coenzyme Q (CoQ or ubiquinone) serves as an
essential redox-active lipid in respiratory electron and pro-
ton transport during cellular energy metabolism. CoQ also
functions as a membrane-localized antioxidant protecting
cells against lipid peroxidation. CoQ deficiency is associated
with multiple human diseases; CoQ,, supplementation in
particular has noted cardioprotective benefits. In Saccharo-
myces cerevisiae, Coq10, a putative START domain protein, is
believed to chaperone CoQ to sites where it functions. Yeast
cogl0 deletion mutants (cogl04) synthesize CoQ ineffi-
ciently during log phase growth and are respiratory defective
and sensitive to oxidative stress. Humans have two orthologs
of yeast COQ10, COQ10A and COQ10B. Here, we tested the
human co-orthologs for their ability to rescue the yeast mu-
tant. We showed that expression of either human ortholog,
COQI10A or COQ10B, rescues yeast cogl()A mutant pheno-
types, restoring the function of respiratory-dependent
growth on a nonfermentable carbon source and sensitivi
to oxidative stress induced by treatment with PUFAs. These
effects indicate a strong functional conservation of Coql0
across different organisms. However, neither COQ10A nor
COQ10B restored CoQ biosynthesis when expressed in the
yeast coqgl0A mutant. The involvement of yeast Coql0 in
CoQ biosynthesis may rely on its interactions with another
protein, possibly Cogql1, which is not found in humans
Coexpression analyses of yeast COQI0 and human COQI10A
and COQI0B provide additional insights to functions of
these START domain proteins and their potential roles in
other biologic pathways.—Tsui, H. S., N. V. B. Pham, B. R.
Amer, M. C. Bradley, |. E. Gosschalk, M. Gallagher-Jones, H
Ibarra, R. T. Clubb, C. E. Blaby-Haas, and C. F. Clarke.
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START domain proteins required for coenzyme Q function.
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Coenzyme Q (CoQ) is a lipid composed of a fully substi-
tuted redox-active benzoquinone ring attached to a long
polyisoprenoid chain. The polyisoprenoid chain of CoQ,,
with n = 6 isoprene units, anchors CoQQ at the mid-plane of
the membrane phospholipid bilayers. The reversible reduc-
tion and oxidation of CoQ and CoQH, enables the transport
of electrons and protons necessary for cellular respiration.
CoQ also serves as an important electron acceptor for en-
zymes involved in fatty acid B-oxidation, oxidation of proline
and sulfide, and pyrimidine biosynthesis (1-3). The re-
duced or hydroquinone form of CoQH; serves as a chain-
terminating antioxidant that slows lipid peroxidation (2).

Although CoQ exists in most biological membranes, its
synthesis occurs exclusively inside the mitochondria in
eukaryotes, or in the cytosol in Escherichia coli, catalyzed by a
cohort of enzymes, many of which are organized in a com-
plex known as the CoQ synthome (also known as complex
Q) in eukaryotes, or the Ubi metabolon in E. coli (4-6). In
Saccharomyces cerevisiae, currently known members of the

Abbreviations:  BN/SDS-PAGE, Blue Native/SDS-PAGE; CoQ, co-
enzyme Q or ubiquinone; CoQH,, reduced coenzyme QH, hydroqui-
none or ubiquinol; CoQ),,, coenzyme Q, or ubiquinone-n (refers to a
specific isoform of CoQ,, where n designates the number of isoprene
units in the tail of CoQ,, e.g., CoQ; in Saccharomyces cerevisiae or CoQy,
in humans); DMQzH,, demethoxy-Q;H.; DMQs, demethoxy-coenzyme
Qs ERMES, ER-mitochondria encounter structure; HAB, 4-amino-
3-hexaprenylbenzoic acid; 4HB, 4-hydroxybenzoic acid; HHB, 4-hy-
droxy-3-hexaprenylbenzoic acid; IDMQgH,, 4imino-demethoxy-Q:Hy;
MEN, mitofusin; MLN64, metastatic lymph node 64; MSA, multiple se-
quence alignment; pABA, para-aminobenzoic acid; ROS, reactive oxy-
gen species; SD-Complete, synthetic dextrose,/minimakcomplete; SDR,
shortchain dchydrogenase/reductase; SD-Ura, synthetic dextrose/
minimal minus uracil; START, steroidogenic acute regulatory protein-
related lipid transfer.

“To whom correspondence should be addressed.

e-mail: cathy@chem.ucla.edu
= The online version of this article (available at http://www.jlr.org)
contains a supplement.
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CoQ synthome consist of Coq3-Coq9 and Coqll (4, 5).
Together, they modify the quinone head group through a
series of methylation (Coq3 and Cog5), deamination (Coq6,
Coq9), and hydroxylation (Coq6, Coq7, Coq9) reactions
(4, 5). The definitive functions of the remaining members of
the CoQ synthome (Coq4, Cog8, and Coqll) are yet to be
fully characterized. Attachment of the polyisoprenoid chain
to the aromatic ring precursor precedes the ring modifica-
tion steps. Coql, a hexaprenyl pyrophosphate synthetase,
condenses farnesyl pyrophosphate with three molecules of
isopentenyl pyrophosphate to form hexaprenyldiphosphate,
which is transferred to the 4-hydroxybenzoic acid (4HB) or
paraaminobenzoic acid (pABA) ring at the C3 position by
Coq2 (4, 5). The number of isoprene units (n) in the polyiso-
prenoid chain of CoQ), varies between organisms, as deter-
mined by the specific polyprenyl diphosphate synthase (7),
and consists of six isoprene units in S. cerevisiae (CoQy), eight
isoprene units in E. coli (CoQy), and predominantly ten
isoprene units in Schizosaccharomyces pombe and humans
(CoQyp) (8). Each of the yeast coglA—cog9d mutants shows
complete abolishment of CoQj;; biosynthesis and fails to re-
spire (5). Their defects in respiration can be readily re-
stored by exogenous supplementation with CoQ; (5).
The cogl(A mutant is unusual among the yeast cogmutants
because it produces wild-type content of CoQ); at stationary
phase, yet its de novo synthesis of CoQ; during log phase
is inefficient (9, 10). Despite having normal or nearly nor-
mal steady state levels of CoQj, the cogl( mutant displays a
respiratory-deficient phenotype shown by anemic growth
on medium containing a nonfermentable carbon source
and decreased NADH and succinate oxidase activities (10).
In addition, the cogl A mutant is sensitive to lipid peroxida-
tion induced by exogenously added PUFAs (9). Thus, the
CoQ;; present in the cogl(A mutant is not utilized efficiently
for either respiration or for its function as an antioxidant.
The NMR structure of CC1736, a Coql0 ortholog in
Caulobacter crescentus, identified it as a member of the steroido-
genic acute regulatory protein-related lipid transfer (START)
domain superfamily (11). This family includes proteins
that bind polycyclic compounds, such as cholesterol and
polyketides, in a signature hydrophobic cavity (11). The
START domain typically spans ~210 residues (12) and folds
into a helix-grip structure consisting of antiparallel B-sheets
flanked by one o-helix on each side (13). START domain-
containing proteins are primarily involved in nonvesicular
transport of lipids between membranes (14). For instance,
STARD4 is a START domain protein that binds and trans-
ports cholesterol from the plasma membrane to mitochon-
dria, the ER, and the endocytic recycling compartment,
equilibrating cholesterol content among cellular mem-
branes to fit their biophysical properties and physiological
needs (15). Purified CC1736 binds to CoQ, with variable
polyisoprenoid chain lengths and to the farnesylated ana-
log of a latestage CoQ intermediate, demethoxy-CoQ;
(DMQs) (9). Coql0 polypeptides isolated from S. cerevisiae
and S. pombe copurify with CoQ; and CoQ,,, respectively
(10, 16). Similarly, CoQg copurifies with the S. pombe
Coql0 polypeptide expressed in E. coli (16). These obser-
vations have led to the current hypothesis that the Coql0

polypeptide is a putative CoQ,, chaperone, necessary for
delivering CoQ from its site of synthesis and/or the pool of
free CoQ to sites of function.

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

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

Yeast is a superb model organism in which to study CoQ
biosynthesis because many of the enzymes involved in CoQ
biosynthesis are functionally conserved from yeast to humans
(4, 5). In this work, we test the human co-orthologs of yeast
Coql0, COQ10A and COQI10B, for their ability to comple-
ment the yeast cogl(d mutant. We show that expression of
human COQ10A or COQ10B rescues yeast cogl 0A-defective
respiration and its sensitivity to oxidative stress, and restores
steady-state levels of Coq polypeptides. However, neither
COQI10A nor COQI0B expression is able to stabilize the
yeast CoQ synthome or rescue the partial defect in de novo
CoQ;; biosynthesis characteristic of the yeast cogl(4 mutant.

MATERIALS AND METHODS
Yeast strains and growth media

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

220



TABLE 1.

Genotype and source of yeast strains

Strain Genotype” Source
W303 1B MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 R. Rothstein’
W303 cogld MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 coql ::LEU2 (99)
CC303 MAT «, ade2-1 cani-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 cog3::1LEU2 (100)
w303 MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 cog4::TRP1 (101)
W303 cog5A MAT «, ade2-1 cani-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 cog5::HIS3 27)
W303 cogad MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 coq6::LEU2 (102)
W303 cog7A MAT «, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 coq7::LEU2 (103)
W303 cog8A MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 cog8::HIS3 (101)
W303 cog9A MAT o, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 cog9::URA3 (104)
W303 cogld MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 coql0::HIS3 (10)
W303 cogl IA MAT a, ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 coql 1::HIS3 This study

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

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

Bacto agar.

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

Plasmids used in this study are listed in Table 2. Generation of
single-copy (pQM) and multi-copy (pRCM) yeast expression vec-
tors was previously described (9, 28). Both pQM and pRCM con-
tain the yeast CYCI 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 ex-
pression vectors of human COQI10A, the human COQI0OA ORF
(mRNA #1, Fig. 1A), encoding residues 44-247, was PCR amplified
from pHCOQ10/ST1 (10) with primers 5ggccATCGATATGAG-
GTTTCTGACCTCCTGC-3" and 5"ggecGGTACCTCAAGTCTG
GTGCACCTC-8', and cloned into pQM and pRCM vectors using
the restriction enzymes, Clal and Kpnl (New England BioLabs), to
generate pQM COQI10A and pRCM COQI10A, respectively. Simi-
larly, full-length human COQI0B ORF (mRNA #1, Fig. 1A), encod-
ing residues 1-238, was PCR amplified from COQ10B cDNA clone
(GeneCopoeia) with primers 5" ggccATCGATATGGCAGCTC-
GGACTGGTCAT-3" and 5"-ggccGGTACCTTATGTGTGATG-
GACTTCATGAAGCATTAACTCGS' to generate pQM COQL0B
and pRCM COQI10B.

Complementation of yeast cogl0A by human COQ10A
and COQ10B

Each of the following plasmids, pQM (empty vector), pQM
COQI10A, pQM COQ10B, pRCM (empty vector), pPRCM COQ10A,
and pRCM COQI10B, was transformed into wild-type W303 or
cogl04, and the transformed cells were selected on SD-Ura plates

TABLE 2. Yeast expression vectors

Plasmid Relevant Genes/Markers
pAHO1 with COQ3 mito leader, single-copy (28)

pQM COQI0A pQM with human COQI0A; single-copy This work
pQM COQILOB  pQM with human COQI0B; single-copy This work
pRCM pCHI with COQ3 mito leader; multi-copy (9)

pRCM COQI0A pRCM with human COQI0A; multi-copy  This work
pRCM COQI10B pRCM with human COQI0B; multi-copy  This work

Source

as described (29). A single colony from each SD-Ura plate was in-
oculated in SD-Ura liquid medium. Wild-type W303 and cogl(4
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 ODy,,/ml with sterile water, from which a series
of 5-fold dilutions were prepared. An aliquot of 2 pl of sample
from the dilution series was plated onto YPD and YPG plate me-
dium and incubated at 30°C. Pictures were taken after 3—4 days.

Fatty acid sensitivity assay

A fatty acid sensitivity assay was performed as described (30, 31)
with slight modifications. Briefly, yeast W303 wild-type, corlA, cog9i,
and coglA were inoculated in SD-Complete liquid medium, and
cog104s 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 ODg,,/ml with fresh
SD-Complete or SD-Ura liquid medium and incubated for 6 h at
30°C 250 rpm to logarithmic phase. The cells were harvested,
washed twice with sterile water, and suspended in 0.1 M phosphate
buffer with 0.2% dextrose (pH 6.2) to a cell density of 0.2 ODggo/ml.
To test yeast sensitivity to PUFA-induced oxidative stress, ethanol-
diluted oleic acid (Nu-Chek Prep) or elinolenic acid (Nu-Check
Prep) was added to aliquots of 5 ml cell suspension in phosphate
buffer with 0.2% dextrose to a final concentration of 200 pM. Iden-
tical 5 ml cell suspensions were prepared with 0.1% (v/v) ethanol
as a vehicle control. After a 4 h incubation at 30°C 250 rpm, cell
viability was assessed with plate dilution assay by spotting 2 ul of
sample from a series of 5fold dilution onto YPD plates. Cell viability
was also ascertained before addition of fatty acids, and labeled as 0 h.

Mitochondria isolation from yeast cogl0A expressing
human COQ10A or COQ10B

Precultures of yeast cogl(A transformed with pQM COQI10A,
pQM COQI10B, pRCM COQI0A, or pRCM COQ10B in YPD were
back diluted with YPGal and grown overnight at 30°C 250 rpm
until the cell density had reached ~3.0 ODg,,/ml. Preparation of
spheroplasts with Zymolyase-20T (MP Biomedicals) and extrac-
tion of mitochondria in the presence of Complete EDTA-free pro-
tease inhibitor mixture (Roche), phosphatase inhibitor cocktail
set I (EMD Millipore), and phosphatase inhibitor cocktail set 3
(Sigma-Aldrich) over Nycodenz (Sigma-Aldrich) density gradient
were previously described (32). Purified mitochondria were flash-
frozen in liquid nitrogen and stored at —80°C until use.

Immunoblot analysis of steady state Coq polypeptide
levels

Protein concentration in gradient-purified mitochondria was
measured by the BCA assay (Thermo Fisher Scientific). Purified mi-
tochondria were resuspended in SDS sample buffer [50 mM Tris
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(pH 6.8), 10% glycerol, 2% SDS, 0.1% bromophenol blue, and
1.33% B-mercaptoethanol], and an aliquot of 25 pg of mitochon-
drial protein from each sample was loaded in individual lanes and
separated by SDS gel electrophoresis on 12% Trisglycine polyacryl-
amide gels. Proteins were subsequently transferred to 0.45 pm nitro-
cellulose membrane (Bio-Rad) and blocked with blocking buffer
(0.5% BSA, 0.1% Tween 20, 0.02% SDS in phosphate-buffered
saline). Representative Coq polypeptides and mitochondrial malate
dehydrogenase Mdhl (loading control) were detected with rabbit
polyclonal antibodies prepared in blocking buffer at the dilutions
listed in Table 3. Polyclonal antibodies against human COQI0A
(Proteintech) and COQ10B (Abcam) were commercially obtained
and used at dilutions recommended by the companies. The second-
ary [RDye 680LT goat anti-rabbit IgG antibody (LiCOR) was used at
1:10,000 dilution in the same blocking buffer. Immunoblot images
were visualized with a LICOR Odyssey infrared scanner (LiCOR),
and relative protein levels were quantified by band densitometry us-
ing Image] software (https://imagej.nih.gov/ij/).

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

Two-dimensional Blue Native/SDS-PAGE (BN/SDS-PAGE) was
performed as described (33-35). Purified mitochondria at 4 mg/ml
were solubilized for 1 h in ice-cold solubilization buffer [11 mM
HEPES (pH 7.4), 0.33 M sorbitol, 1x NativePAGE sample buffer
(Thermo Fisher Scientific), 16 mg/ml digitonin (Biosynth)] in the
presence of the previously described mixtures of protease and phos-
phatase inhibitors. After centrifugation (100,000 g, 10 min), the pro-
tein concentration in the soluble fraction was measured by BCA
assay, and NativePAGE 5% G-250 sample additive (Thermo Fisher
Scientific) was added to the soluble fraction to a final concentration
of 0.25%. Soluble protein from each sample (80 pg) was separated
on NativePAGE 4-16% Bis-Tris gel (Thermo Fisher Scientific) in
the first dimension, followed by separation on 12% Trisglycine poly-
acrylamide gel in the second dimension. The molecular weight stan-
dards for Blue Native gel electrophoresis and SDS gel electrophoresis
were obtained from GE Healthcare (Sigma-Aldrich) and Bio-Rad,
respectively. Immunoblot analysis of the CoQ synthome was per-
formed as described above using antibodies against Cog4 and Coq9.
A separate COQ10A- or COQ10B-containing complex was detected
using commercial antibodies against COQI0A and COQI0B,
respectively.

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

Metabolic labeling with “Cglabeled ring precursors and sub-
sequent analyses of labeled and unlabeled CoQs and CoQg-

TABLE 3. Description and source of antibodies

Antibody Working Dilution Source
Coql 1:10,000 (99)
Coq3 1:200 (105)
Coq4 1:2,000 (106)
Coq5 1:5,000 (107)
Coqb 1:200 (102)
Coq7 1:1,000 (108)
Coq8 Affinity purified, 1:30 (63)
Coq9 1:1,000 (109)
Coql0 Affinity purified, 1:400 This work
Coqll 1:500 This work
Mdhl 1:10,000 L. McAlister-Henn”
COQI0A 1:500 Proteintech
COQ10B 1 pg/ml Abcam

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

intermediates in yeast whole-cell lipid extract by RP-HPLC MS/
MS were previously described (9, 36). Briefly, overnight cultures
of yeast wild-type, cogl04 in SD-Complete medium, and cogl0A
expressing pQM, pQM COQI10A, pQM COQ10B, pRCM, pRCM
COQI10A, or pRCM COQI0B in SD-Ura medium were back di-
luted with fresh SD-Complete or SD-Ura medium to 0.1 ODg,,/
ml and grown to 0.5 ODy,,/ml (early-log phase) at 30°C 250 rpm.
The ”Cb—labclcd 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 pM l'\’C(;-p.**.BA and 34.7 pM
1'\’Cf.-4HB). Vehicle control samples contained a final concentration
of 0.1% (v/v) ethanol. The cultures were incubated with the
labeled precursors or ethanol for 5 h at 30°C 250 rpm before
triplicates of 5 ml culture were harvested for lipid extraction. The
cell density measured by ODg,, at the time of harvest was
recorded.

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

TABLE 4. Precursorto-product ion transitions

m/z [M+H]" m/z [M#+NH,]'

546.4/150.0 563.0/150.0
C,-HAB 552.4/156.0 569.0/156.0
HHB 547.4/151.0 564.0/151.0
“C+HHB 553.4/157.0 570.4/157.0
DMQ; 561.4/167.0 578.0/167.0
PCDMQ; 567.4/173.0 584.0/173.0
IDMQ; 560.6/166.0 577.0/166.0
PCoIDMQ; 566.6/172.0 583.0/172.0
CoQ; 455.4/197.0 472.0/197.0
CoQ; 591.4/197.0 608.0/197.0
HCCoQ, 597.4/203.0 614.0/203.0
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Homology modeling of human COQ10A and COQ10B

Secondary structural elements and disordered regions within
the COQIL0A and COQIOB ORFs were predicted using PsiPred
(37) and DisoPred (38). Secondary structural alignments and ini-
tial model generation were performed using the SwissModel server
(39). Using COQI0A as the query sequence, 50 homologous pro-
tein templates were identified with sequence identities ranging
from 6.94% to 28.68%, and sequence similarity between 25% and
30%. Nine templates with the best alignment of the secondary
structural elements were selected for model building in Swiss-
Model. Of the nine models generated, four models with either low
QMEAN scores or high identity to the template were selected for
further improvement. As the sequence coverage of the models dif-
fers from each other, a combination of all four models was used to
generate the final model that covers residues 87-228 of COQ10A.
The final steps of model refinement, rebuilding strange loops, and
improvement of side chain packing and backbone distortion were
completed using custom script in PyRosetta (40). A total of 16,000
decoys were generated and the convergence of the refinement was
assessed by checking RMSD of all decoys to the lowest energy
decoy versus Rosetta energy. The top five decoys with the lowest
Rosetta energy were selected and model quality was assessed via
Qmean (41), Verify3D (42), Errat (43), and MolProbity (44). The
decoy that scored equally well in all four metrics was chosen as the
final model of COQI0A. A similar approach was used to create a
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 sub-
strate was executed with a 20 x 20 x 20 A grid box that encom-
passed the entirety of the hydrophobic pocket of CC1736.
Docking was performed with an exhaustiveness of 18 and nine
docking solutions were produced per run.

Yeast Coq10 ortholog similarity clustering and Coq10
coexpression analysis

The protein similarity network was constructed using the
EFI-EST tool (http://efi.igb.illinois.edu/efi-est/) (47) with an
alignment score of 30, with human 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 Uni-
Prot database (49). Information associated with proteins included
in this analysis can be found in supplemental Table S2. Gene
neighborhoods of bacterial homologs were retrieved with the
EFI-GNT tool (https://efi.igb.illinois.edu/efi-gnt/). The phylo-
genetic analysis was performed using MAFFT (50) for sequence
alignment and IQ Tree (51) as implemented on the CIPRES (52,
53) web portal with 1,000 bootstrap replicates (54). Before tree
reconstruction, the multiple sequence alignment (MSA) was
trimmed to remove poorly aligned sequence at the N terminus,
and the edited MSA can be found in supplemental Table S2.

RESULTS

Expression of either COQ10A or COQ10B from humans
restores respiratory growth of the yeast cogl0A mutant

Human COQI0OA and COQIOB are co-orthologs of
yeast COQIO0 located on human chromosome 12 and

chromosome 2, respectively (55). The polymorphisms in
COQI10A (P79H, P231S) and COQ10B (L48F) are thought
to be one of the genetic factors predisposing patients to statin-
associated myopathy (56, 57). The underlying molecular
mechanisms of statin-associated myopathy are proposed to
be isoprenoid depletion, inhibition of CoQ biosynthesis,
disruption of cholesterol homeostasis, or disturbance of
calcium metabolism (58). COQI0A and COQI10B each con-
tain six exons, which give rise to two isoforms of COQ10A
and four isoforms of COQI0B as a result of alternative
splicing and translation initiation (Fig. 1A). Each of the
two COQI10A mRNA transcripts contains a unique 5" UTR
and translation initiation site (Fig. 1A, supplemental Table
S1). According to the UniProt database (49), COQI0OA
mRNA #1 encodes the longer isoform of COQI0A, with
the first 15 residues predicted to be the mitochondrial
targeting sequence (supplemental Table S1). COQ10A
mRNA #2 encodes COQ10A isoform 2 with a unique N ter-
minus. Two of the COQ10B mRNA transcripts share an iden-
tical 5 UTR and translation initiation site, whereas the other
two COQI0B mRNA transcripts each have a unique 5" UTR
and translation initiation site (Fig. 1A, supplemental Table
S1). Based on the UniProt database, COQI10B mRNA #1
encodes the longest isoform, and its mitochondrial target-
ing sequence consists of the first 37 residues (supplemental
Table S1). COQI10B isoform 2 encoded by mRNA #2 lacks
one of the exons present in mRNA #1 (Fig. 1A). COQ10B
isoforms 3 and 4 contain distinct N-terminal sequences and
their subcellular localization is unknown (Fig. 1A, supple-
mental Table S1). Although RNA processing predicts sev-
eral isoforms of COQ10A and COQ10B, both isoforms of
COQI10A and all four isoforms of COQ10B retain amino
acid residues important for START domain formation.

Expression of human COQ10A from a multi-copy vector
was previously shown to complement respiratory growth of
the yeast cogl0A mutant on a nonfermentable carbon
source (10, 16). Here, we examined the functional comple-
mentation of the yeast cogl0A by both single-copy (pQM)
and multi-copy (pRCM) expression of human COQ10A or
COQI10B. The cDNA expressed for COQ10A corresponded
to residues 44-247 of isoform 1 (COQI0A mRNA #1), and
the cDNA expressed for COQI10B corresponded to resi-
dues 1-238 of isoform 1 (COQ10B mRNA #1). Yeast cogl0A
and cogl0A with empty vectors pQM or pRCM show slow
growth on nonfermentable glycerol-containing medium
(Fig. 1B). Expression of either COQ10A or COQI10B in
single-copy or multi-copy rescued the glycerol growth of
the cogl0A mutant (Fig. 1B). Interestingly, single-copy
COQI10A and both single- and multi-copy COQ10B seem
to complement the defective growth of the cog/0A mutant
better as compared with multi-copy COQ10A (Fig. 1B).
These results identify human COQI0A and COQI0B as
functional co-orthologs of yeast Coql0.

Human COQ10A and COQ10B share low sequence
identity but high structural similarity with other Coql0
orthologs

In vitro lipid binding assays have shown that the C. crescentus
Coql0 ortholog, CC1736, binds to isoforms of CoQ,
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Fig. 1. Expression of either human COQI0A or
COQIO0B restores respiratory growth of the yeast
cogl (A mutant. A: A schematic representation of alter-

I native splicing of human COQI0OA and COQIOB

mRNA. Alternative splicing and different translation

] initiation sites result in two isoforms of COQ10A and

four isoforms of COQI10B. Boxes represent the exons,

| and the protein coding sequences are shaded within

the exons. Both exons and the protein coding se-
quences were drawn relative to their corresponding

J number of base pairs. The introns are represented by

horizontal lines and are not drawn to scale. The trans-
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with varying polyisoprenoid chain length (n=2, 3, 6, or 10)
and to a farnesylated analog (n = 3) of a latestage CoQ
intermediate, DMQ; (9). CC1736 does not bind to a farne-
sylated analog of an early-stage CoQ intermediate, farnesyl-
hydroxybenzoate (9). This observation strongly implies that
the quinone moiety, but not the polyisoprenoid chain, is the
structural determinant of Coq10 ligand interaction. Several
amino acid residues have been identified through site-
directed mutagenesis, and a substitution of these residues
on Coql0 orthologs results in altered ligand-binding affinity
and respiratory defects (9, 16, 21, 59). Among these residues,
a combination of positive charge provided by residue K8,
paired hydrophobic residues A55 and V70, and a salt bridge
formed by E64 and K115 are thought to confer the ligand
specificity of CC1736 (11). Mutations in the equivalent resi-
dues in . cerevisiae Coql0 result in defects in respiration as
measured by oxygen consumption, HyO, release, or NADH-
cytochrome ¢ reductase activity (9, 59). Here, we con-
structed sequence alignment of four Coql0 orthologs and
mapped these residues relative to positions in isoform 1 of
the human COQI0A and COQI10B amino acid sequence
(Fig. 2A). From the MSA, we noticed several additional

SD-Ura, Day 3

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

conserved residues (shaded blue and lilac in Fig. 2A) be-
sides those previously identified. Most noticeably, aromatic
amino acids (tyrosine, phenylalanine, and tryptophan) and
nonpolar amino acids (valine, leucine, and alanine) are
highly enriched among these conserved residues (Fig. 2A).
Residues F39 and P41 of S. pombe Coql0 are believed to be
within the region for CoQ binding, and mutation of F39A
and P41A reduces the photo-labeling yield with azido-
quinone to about 50% of the wild-type control (21). Re-
placement of L63 or W104 with alanine on S. pombe Coql0
reduces CoQ binding affinity to about 50%, and a double
point mutant further reduces the binding affinity to only
25% (16). Based on homology modeling, the N-terminal
regions of human COQI10A and COQ10B do not seem to
form defined secondary structure and were excluded from
the predicted secondary structures shown in Fig. 2A. Thus,
exon skipping in COQ10B isoform 2 (Fig. 1A) as well as
variable N-terminal sequences on all COQ10A and COQ10B
isoforms that result from alternative splicing and translation
initiation (Fig. 1A) are not expected to change the second-
ary structural elements of the START domain of COQ10A
and COQI10B.
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Fig. 2. Human COQI10A and COQI10B share low sequence identity with Coql0 orthologs, but are predicted to contain conserved START
domain structures for lipid binding. A: Sequence alignment of human COQI10A (residues 73-244) and COQI0B (residues 64-235) with
Coql0 orthologs in 8. cerevisiae, S. pombe, C. crescentus, and E. coli. MSA was constructed using Tcoffee, with identical residues shaded in blue
and highly conserved residues shaded in lilac. Residues that have been previously tested and deemed critical for ligand binding are indicated
with an inverted triangle, and the asterisk indicates the organism in which the site-directed mutagenesis study was performed. The secondary
structures of COQ10A and COQI0B were predicted using JPred and adjusted based on their refined models in B. Alpha-helices are shown
in red and labeled al-¢2 and B-sheets are shown in green and labeled B1-B7. The figure was assembled in Jalview. B: Overlay of prcdlctcd
homologous models of human COQ10A and COQ10B were generated using the structures of MSMEG_0129 from Mycobacterium

[Protein Data Bank identification (PDB ID): 5Z80)] as a template. The predicted structures of COQ10A (dark shade) and COQI0B (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 c-helix (red) and anti-parallel B-sheets (green). C: NMR structure of CC1736 (PDB ID: 1T17), a Coql0 or-
tholog in C. crescentus (11). Structures in B and C were generated using PyMOL.

Based on the MSA, we also noticed that although hu-  both COQI0A and COQIO0B consists of two a-helices
man COQI0A and COQIO0B exhibit relatively low se-  and seven antiparallel B-sheets, and is predicted to form
quence identity with other Coql0 orthologs (~26-31%),  a hydrophobic cavity shielding its CoQ lipid ligand from
they are predicted to share similar helix-grip structures  the aqueous environment (Fig. 2B). The structural feature
(Fig. 2B). The predicted structures of COQ10Aand COQI0B  of a helix-grip fold identifies both COQ10A and COQ10B
are almost identical to each other (Fig. 2B) and similar as distinctive members of the START domain protein
to the solved structure of CC1736 (Fig. 2C). The core of  family.
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In order to reveal the most likely binding site for the
CoQ lipid ligand and to identify additional residues that
may confer CoQ lipid ligand binding specificityin COQ10A
and COQ10B, we attempted to dock CoQ; to the known
structure of CC1736. Consistent with previous in vitro bind-
ing assay results, we observed that docking of farnesyl-
hydroxybenzoate to CC1736 occurred with free energy values
significantly higher (more positive and less favorable) than
CoQ)j; docked at the central cavity of CC1736 (Fig. 3A, B).
The docking solutions of CoQj; to CC1736 consistently
showed that the CoQj; folds into a boomerang-like struc-
ture, with its hexaprenyl tail making contact with residues
Ab55, V70, and W95 lining the surface inside the cavity (Fig.
3A). However, the orientation of the benzoquinone head
group was slightly more variable between docking solu-
tions. Several START domain proteins have been reported
to undergo ligand-induced conformational change such
that the readily accessible entryway to the central cavity be-
comes partially constricted, shielding the ligand from the
aqueous environment (60-62). Thus, it is highly likely that
the flexible orientation of the quinone head group may be
aresult of a less compact conformation of the central cavity
in the structure of a ligand-free CC1736. Further studies
that would allow a more in-depth characterization of the
conformational change of Coql0 or its orthologs are
needed to decipher the CoQ ligand binding interaction.

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

Coq polypeptide components of the CoQ synthome
serve as enzymes required for CoQ biosynthesis and/or
play structural roles necessary for formation or stability of
the CoQ synthome (5, 34, 63). Yeast Coql0 has not been
detected as part of the CoQ synthome, but its absence
causes destabilization of Coq3, Coq4, Coqb, Coq7, and
Coq9, as well as the overall CoQ synthome (34, 63). We
tested the ability of human COQ10A or COQ10B to restore
steady state levels of Coq polypeptides when expressed in
the yeast cogl0A mutant. We noticed that the steady state
level of Coqb is slightly reduced and the level of Cog8 is
slightly increased in the cog/0A mutant, in addition to
other affected Coq polypeptide levels shown previously
(63). The presence of single-copy pQM COQ10A fully re-
stores steady state levels of Cogb and Coq6 (Fig. 4, supple-
mental Fig. S1) and partially restores steady state levels of
Cog3, Coq4, Coq7, and Coq9 (Fig. 4, supplemental Fig.
S1). The singlecopy pQM COQI10B fully restores the
steady state level of Coqb (Fig. 4, supplemental Fig. S1) and

restores steady-state levels of Coq4, Coq7, and Coq9 to a
minimal degree (Fig. 4, supplemental Fig. S1), but seems
to have a negative effect on the levels of Coq3, Coq6, and
Coq8 (Fig. 4, supplemental Fig. S1). Neither COQ10A nor
COQI0B expressed on a multi-copy pRCM vector func-
tions as well as the corresponding single-copy pQM vector,
despite the fact that COQ10A and COQ10B are barely de-
tected when expressed from a single-copy vector (Fig. 4).
The multi-copy pRCM COQI10A restores the steady state
level of Coqb6 and partially restores the levels of Coq5 and
Coq9 (Fig. 4, supplemental Fig. S1), while the steady state
levels of Coq3, Coq4, and Coq7 remain similar to the
coql0A mutant, if not lower (Fig. 4, supplemental Fig. S1).
Yeast cells expressing COQI10A from a multi-copy vector
show a nearly 50% reduction of Cog8 content compared
with the wild-type control (Fig. 4, supplemental Fig. SI).
Overexpression of Cog8 promotes assembly of subcomplexes
of the CoQ synthome (34), and Coq8 deficit may explain
the ineffective rescue of cogl0A by the multi-copy COQ10A
and its corresponding poor growth phenotype on YPG
plate medium (Fig. 1B). The multi-copy pRCM COQ10B
restores Cogb and Coq9 (Fig. 4, supplemental Fig. S1), but
has no effect on the Coq3, Coq4, Cogb6, and Coq7 levels
(Fig. 4, supplemental Fig. S1). Opposite from the effect
of expressing multi-copy pRMC COQI10A, the presence of
multicopy pRCM COQI10B leads to a 50% increase of
Coq8 compared with the wild-type cells (Fig. 4, supplemen-
tal Fig. S1). It is quite intriguing that pRCM COQ10B re-
sults in a slight reduction of the Coql level, while the level
of Coqll is nearly 2.5-fold more compared with the wild-
type cells (Fig. 4, supplemental Fig. S1). The anti-COQ10A
antibody specifically recognizes COQ10A and does not
cross-react with human COQI10B (Fig. 4). Anti-COQ10B
antibody is also antigen-specific, but it gives two intense
bands, migrating at ~30 kDa and ~17 kDa (Fig. 4). In hu-
man cells, only the higher molecular mass band is detected,
and the lower molecular mass band may correspond to a
processed form of COQ10B unique to the yeast cells.

Expression of human COQ10A or COQ10B fails to
restore the CoQ synthome in the yeast cogl0A mutant

The decreased steady state levels of component Coq
polypeptides in the yeast cog] (A mutant are directly related
to the destabilization of the CoQ synthome (34). Here, we
assessed the stability of the CoQ synthome in cogl0A
expressing single- or multi-copy COQ10A or COQ10B by
two-dimensional BN/SDS-PAGE. In the first dimension,
multi-subunit protein complexes are resolved under

Fig. 3. CoQ; docks in the hydrophobic cavity of
CC1736. A: CoQ; (colored in black) was docked to
the NMR structure of CC1736 using AutoDock. The
a-helices are shown in red and B-sheets are shown in
green. Docking structures were produced using
Autodock vina (45). B: Electrostatic surface of CC1736
showing the cavity docked with CoQ)j; with some resi-
dues hidden for clarity (red, negative; blue, positive).
The polyisoprenoid chain is threaded through the hy-
drophobic cleft created by residues Alab5, Val70, and
TrpY5.
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Fig. 4. Expression of human COQ10A or COQI10B restores steady
state levels of Coq polypeptides. An aliquot of 25 pg of purified mi-
tochondrial protein from wild-type, cogl0A, or cogl(A expressing
single- or multi<copy COQ10A or COQ10B was applied to each lane
and separated on 12% Tris-glycine SDS-PAGE gels. Purified mito-
chondria from coglA and cog3A-cogl 1A mutants were included as
negative controls for Western blotting against each of the Coq poly-
peptides. Purified mitochondria from cogl0A were used as cogd con-
trol for blotting against human COQI0A and COQIOB. Yeast
mitochondrial malate dehydrogenase (Mdh1) was included as load-
ing control. Two panels (left and right) are immunoblots derived
from the same nitrocellulose membrane. Relative protein levels
were quantified by band densitometry in supplemental Fig. S1 using
Image] software.

nondenaturing native conditions, followed by separation
into individual polypeptide constituents in the second
dimension by traditional SDS-PAGE under denaturing
conditions. Proteins that represent subunits from the same
multi-subunit complex are found in one vertical line, and a
designated polypeptide component that is present in sev-
eral distinct complexes or subcomplexes is indicated by a
horizontal signal. Thus, the CoQ synthome that is repre-
sented by its component Coq4 or Coq9 polypeptide is
shown by two horizontal lines that align with the Coq4 and
Coq9 bands present in the sample of intact mitochondria
from each sample in the lane labeled as “M” (Fig. 5). In
wild-type yeast cells, the CoQ synthome is represented by a
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complex array of high molecular mass signals, spanning a
range of about 400 kDa to >1 MDa for Coq4 and from
~140 kDa to >1 MDa for Coq9 (Fig. 5A). In contrast, the
CoQ synthome in the cogl0A mutant appears destabilized,
indicated by the disappearance of complexes much larger
than 669 kDa and an appearance of complexes limited to a
distribution between 140 kDa and slightly greater than 669
kDa for both Coq4 and Coq9 signals (Fig. 5A). Although
expression of singlecopy pQM COQIO0A restored the
steady state polypeptide levels of both Coq4 and Coq9 (Fig.
4), the distribution of high molecular mass signals for Coq4
and Coq9 remains limited to a range similar to that of the
cogl(A mutant (Fig. 5A). Single-copy pQM COQ10B rein-
forced the CoQ synthome assemblies below 440 kDa, as
shown by intense Coq9 signal (Fig. 5A), but it also failed to
restore the CoQ synthome at a much greater molecular
mass (Fig. 5A). Neither multi-copy COQ10A nor COQ10B
expression appears to confer a stabilization effect on the
CoQ synthome (Fig. 5A). Thus, the expression of either
COQI10A or COQI10B, while having a rather dramatic ef-
fect on steady state Coq polypeptide levels, exerts a negli-
gible effect on the high molecular mass signals that
characterize efficient CoQ synthesis and the presence of
the CoQ synthome.

Coql0 comigrates with Coq2 and Coq8 on two-
dimensional BN/SDS-PAGE (64), but so far there is no di-
rect evidence showing Coq10 interaction with other known
Coq polypeptides or with the CoQ synthome. On a sucrose
gradient, native Coql0 from yeast mitochondrial extract
sediments at a fraction that corresponds to a molecular
mass of approximately 140 kDa (10). Given that the mono-
meric molecular mass of mature Coql0 is 20 kDa, Coql0
must be present in a complex that consists of an oligomeric
form of Coql0 and/or with other partner proteins (10).
We tested to determine whether human COQIO0A or
COQ10B might also assemble into complexes. Because the
signal intensities of both COQ10A and COQ10B expressed
from single-copy vectors are quite weak, we decided to ex-
amine their complex formation when expressed from the
multi-copy vector. On the two-dimensional BN/SDS-PAGE,
wild-type yeast CoqlO-containing complex is distributed
across the entire range of high molecular mass standards,
but predominantly concentrated between 66 and 232 kDa
(Fig. 5B), and the Coql0-containing complex is absent in
the cogl0A mutant (Fig. 5B). Although the signal intensi-
ties of COQI0A and COQI10B are low, it appears that
COQI10A forms a discrete complex at ~140 kDa (Fig. 5B),
and COQI0B is dispersed across between 232 and 440 kDa
(Fig. 5B). Knowing the total amount of protein subjected
to analysis by BN/SDS-PAGE, it is possible that a significant
amount of COQ10A and COQ10B may migrate at a much
smaller size corresponding to its monomeric molecular
mass, not observed by the first dimension gel matrix.

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

In yeast, CoQ is produced from two distinct quinone
ring precursors, pABA or 4HB (5). Early-stage interme-
diates, 4-amino-3-hexaprenylbenzoic acid (HAB) and
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4-hydroxy-3-hexaprenylbenzoic acid (HHB), are the first
polyisoprenylated intermediates emerging from pABA and
4HB, respectively (5). Subsequent modifications of the
ring of HAB or HHB give rise to late-stage intermediates,
4-imino-demethoxy-Q;H, (IDMQ;H,) or demethoxy-Q;H,
(DMQ;H,). It is believed that only DMQsH, gets directly
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Fig. 5. Expression of cither human COQI0A or
COQIOB partially restores the yeast CoQ synthome.
An aliquot of 80 pg of purified mitochondrial protein
from wild-type, cogl04, or cogl(A expressing single- or
multi-copy COQ10A or COQ10B was resolved on a
two-dimensional BN/SDS-PAGE and blotted against
Cog4 and Coq9 (A) or against Coql0, COQIO0A, or
COQI0B (B). An aliquot of 25 pg of unsolubilized in-
tact mitochondria from cach designated sample was
loaded in the lane labeled “M”, and the same amount
of intact cog44 or cogl (A mitochondria were included
as negative controls. The yeast cog44 mutant lacks
both Cog4 and Coq9 polypeptides (63) and was used
as a negative control for blotting against both proteins
on the same membrane.

converted to CoQz;H,, whereas IDMQ;H, 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
COQI10B rescue yeast cogl(]d de novo CoQ biosynthesis, we
labeled the cells with “Cs-pABA or ’Cs4HB in order to



measure the efficiency of CoQ production from both
pathways.

Consistent with previously published results (9), we ob-
served that the yeast cogl/@A mutant produced less *Cg
CoQ; (Fig. 6A) but significantly higher amounts of the
early intermediates, ’C;-HAB (supplemental Fig. S$2A) and
PC+HHB (supplemental Fig. S2B) during log phase
growth. The yeast cogl(0A mutant also makes less late-stage
intermediates, *C;-DMQ; (supplemental Fig. $2C) and
IBCS-IDMQ‘—, (supplemental Fig. S2D), de novo compared
with the wild-type cells. One caveat to this result is that
when the yeast cogl0A mutant is transformed with empty
vector pQM or pRCM, these empty vectors seem to make a
significant difference on the levels of all representative
CoQyintermediates as well as in CoQ; when compared
with the cogl0A mutant (Fig. 6, supplemental Fig. S2). We
suspected that this might be a result of different medium
used to culture the cog/0A mutant (SD-Complete) and
coql0A mutant with empty vectors (SD-Ura). Therefore, we
compared the yeast cogl0A expressing single- or multi-copy
COQI10A or COQI10B to their respective empty vector con-
trols for the statistical analyses. If COQ10A or COQ10B
were to restore efficient de novo CoQ biosynthesis, we
would expect lower amounts of 13C{,—H.AB and lgCb—HHB
and a higher amount of ’CCoQ;. However, expression of
either COQ10A or COQ10B has only a minimal effect on
the de novo biosynthesis of13C§-CoQ6. Single-copy COQ10A
seems to make slightly more ' CiCoQ; from labeled pABA
and 4HB (Fig. 6A), and has slightly higher levels of total
CoQ; (Fig. 6B) when compared with the empty vector con-
trol. In contrast, expression of COQ10B, particularly in
multi-copy, decreases de novo me—Cer, as well as the total
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CoQ; content (Fig. 6A, B). While single- and multi-copy
COQI0A and multi-copy COQIOB synthesize PCeDMQ;
(supplemental Fig. S2C) and SC(,—IDMQ[, (supplemental
Fig. S2D), the conversion from early-stage intermediates to
late-stage intermediates is slow, as indicated by a buildug) of
the labeled C;HAB (supplemental Fig. S2A) and “Cj-
HHB (supplemental Fig. S2B).

In addition to '*Cglabeled CoQy and CoQgintermedi-
ates, we also quantified the unlabeled CoQ; and CoQ;-
intermediates (Fig. 6B, supplemental Fig. S2E-H). Similar
to what we observed with the *Clabeled CoQ;; and CoQ;-
intermediates, the yeast cog/0A mutant expressing single- or
multi-copy COQ10A or COQ10B has only a negligible effect
on the steady state levels of CoQ; and CoQ-intermediates.
To summarize, neither single- nor multi-copy expression of
COQI10A or COQ10B functionally restores de novo CoQ
biosynthesis to the wild-type level, and has negligible ef-
fects on the synthesis of early stage CoQgintermediates
relative to the empty vector control. Given that the high
molecular weight CoQ synthome is known to be necessary
for efficient CoQ; biosynthesis in yeast, it is not surprising
that each of the human COQ]10 orthologs fails to restore
the yeast de novo CoQj; production.

Human COQ10A rescues PUFA sensitivity of the yeast
cogql0A mutant

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

Fig. 6. Expression of human COQI10A or COQ10B has a minimal effect on de novo CoQj biosynthesis and total CoQ;; content. The de
novo production of CoQ; was measured from yeast whole-cell lipid extracts from wild-type, cogI04, cogl0A expressing single- or multi-copy
COQI10A or COQI0B, or their respective empty vector labeled with C-pABA (red) or “C-4HB (blue) for 5 h. Expression of single- or
multi-copy COQ10A or COQ10B has almost negligible effect on both de novo l3(36-(,'1.)(,25 (A) and total CoQ; (B) when compared with their
respective empty vector controls. The statistical analyses were performed using two-way ANOVA multiple comparisons from three biological
replicates, comparing yeast cogl (4 expressing single- or multi-copy COQ10A or COQI10B to their respective empty vector controls, and com-
paring yeast cogl (A 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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Collectively, this oxidative damage results in DNA muta-
tions, protein fragmentation, and formation of protein-
protein cross-links (66). As shown in Fig. 7, the yeast
CoQ-less mutant (cog94) is sensitive to a-linolenic acid due
to the absence of antioxidant protection offered by CoQ
(30, 31). The yeast cogl0A mutant is also sensitive to treat-
ment with a-linolenic acid, presumably because the chap-
erone function of the Coql0 polypeptide is necessary for
the ability of CoQ to function as an antioxidant (9). This
chaperone function of Coql0 is independent of its role
in respiration per se, because a CoQ-replete respiratory-
deficient mutant lacking a subunit of complex III (corIA)
is resistant to a-linolenic acid (Fig. 7). Thus, we assessed
whether the sensitivity to PUFA treatment of yeast cogl(4
was rescued by the expression of single- or multi-copy hu-
man COQI0A or COQ10B. Expression of either single- or
multi-copy COQI0A rescued yeast cogl(A sensitivity to
treatment with a-linolenic acid (Fig. 7). Multicopy COQ10B
partially rescued yeast cogl0A sensitivity to a-linolenic acid,
while single-copy COQ10B did not have a significant effect
(Fig. 7). As expected, yeast strains tested were resistant to
monounsaturated oleic acid (Fig. 7). Thus, our data sug-
gest that COQ10A and COQ10B are only partially able to
complement the yeast cog/0A mutant; both human co-
orthologs are capable of rescuing defective respiration and
PUFA sensitivity in the yeast cog] 4 mutant, but fail to res-
cue the defect in CoQ; 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
(Fig. 8A). The COQI10-like proteins from land plants and
green algae (with the exception of prasinophyte homo-
logs) are closely related to animal homologs and, in the
phylogenetic tree reconstruction, are nestled within the
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metazoan clade (Fig. 8B). Two groups of bacterial proteins
are found in the COQ10-like family. Proteins encoded by
genes (referred to as yfjG/ratA in E. coli) in the highly con-
served smpB-ratAyfjF gene neighborhood (67, 68) domi-
nate bacterial cluster 1. RatA from E. coli (see sequence
alignment in Fig. 2A) has a proposed role in cell cycle ar-
rest as a response to stresses such as nutrient starvation
(69). Upon induction, RatA blocks 70S ribosome associa-
tion and inhibits the translation initiation step (69). The
first gene in the neighborhood, smpB, also encodes a protein
that interacts with the ribosome through a complex formed
with tmRNA that is essential for rescuing stalled ribosomes
(70, 71). The third gene in the conserved operon, yfF, en-
codes a protein of unknown function, which was renamed
RatB, an assumed antitoxin of RatA, but evidence suggests
that RatB does not function as an antitoxin to RatA (69). YfjF
is homologous to RnfH, a Rhodobacter capsulatus homolog en-
coded by a gene at the end of the mfoperon (72). Rnf is an
enzyme complex homologous to but distinct from the bacte-
rial respiratory complex, Na -dependent NADH:ubiquinone
oxidoreductase (Na™-NQR) (73). However, a role for RnfH
in the Rnf complex is unsubstantiated and many mfoperons
do not encode an RnfH orthologs (74).

Proteins encoded by genes that are often physically clus-
tered with 4pA orthologs, which encode lipoyl synthases,
dominate bacterial cluster 2. Mining coexpression data-
bases revealed that the characterized COQI0 from S. pombe
is coexpressed with AIM22 (second-ranked coexpressed
gene) (75), encoding a putative lipoate-protein ligase A.
These two functional inferences (conserved gene clusters
in bacteria and coexpression in S. pombe) may point to a yet
uncharacterized role of COQ10 in lipoic acid biosynthesis
or regulation; lipoic acid is a prosthetic group covalently
attached to several dehydrogenases within the mitochon-
dria. We also note that the top-ranked coexpressed gene
in S. cerevisiae, MDM12, is positioned head-to-head with

Fig. 7. Human COQI0A rescues PUFA sensitivity of
the yeast cogl(d mutant. Wild-type W303, respiratory-
deficient mutant corIA, CoQ-less mutant cog94, cogl 04,
and cogl0A expressing single- or multi-copy COQ10A
or COQIO0B, or their respective empty vector were
grown in SD-Complete or SD-Ura liquid medium to log
phase. Harvested cells were washed twice with sterile
water and resuspended in phosphate buffer with 0.2%
dextrose (pH 6.2) to 0.2 ODg,,/ml. The resuspended
cells were incubated with oleic acid or e-linolenic acid
prepared in ethanol at a final concentration of 200 pM
for 4 h. Cells were also incubated with only ethanol as
vehicle control. Aliquots of cell suspension from each
sample were removed before addition of fatty acids
[0 h (0 Hr), no fatty acids], and 4 h (4 Hr) post fatty
acid incubation to assess cell viability by plate dilution
assay. An aliquot of 2 ul of a series of 5-fold diluted
samples was plated in each spot starting at 0.2 ODg,/ml
in the first spot on YPD plate medium. Pictures were

O Hr 200 uM
Oleic Acid

200 uM
a-Linolenic Acid

taken 2 days after incubation at 30°C.

4 Hr
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Fig. 8. The COQI10 family of proteins. A: A protein similarity network of proteins similar to COQ10 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 COQI10A and COQ10B, as
well as previously characterized Coql0 orthologs from S. cerevisiae and S. pombe, are indicated with blue arrows. The disconnection of S. pombe
Coql0 from the rest of the network is due to the low similarity (as measured by the BLASTp Evalue) between S. pombe Coql0 and other
COQI10 homologs (with the exception of Coql0 from other Schizosaccharomyces species). The predominant operons observed for the two
distinct bacterial clusters represented by E. coli and C. crescentus are shown as cartoons. A schematic of the Coq11-Coql0 protein fusion ob-
served in genomes from Ustilaginaceaeis also shown, and corresponding nodes are indicated with a thick border. Coql1 contains the cd05229
domain, an atypical SDR domain, and Coql0 contains the cd07813 domain, a SRPBCC (START/RHO_a_C/PITP/Bet_vl/CoxG/CalC)
domain with a deep hydrophobic ligand-binding pocket. Protein and organism information for each node is available in supplemental Table
§2. 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.

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-mitochondria encounter structure (ERMES) for estab-
lishing the ER-mitochondria contact sites, the absence of
which causes severe mitochondrial morphological defects,
defects in respiration, and rapid loss of mitochondrial DNA
(76, 77).

The Coql0-Coqll fusion proteins found in genomes
from Ustilaginaceae (78) are also shown in Fig. 8. Additional
domains found in the present analysis fused to the COQ10
domain (PF03364) (encoded by at least two different spe-
cies) include PF00098 (zinc-finger domain), PF00227/
PF10584 (proteasome subunits), and PF00378 (enoyl-CoA
hydratase/isomerase family). Additionally, both COQ10A
and COQI0B were previously found to interact with the

enoyl-CoA hydratase, ECH1, which in turn has been ob-
served to interact with COQ2, COQ3, COQ4, COQ6,
COQ7, and COQB8A (79, 80). Mining coexpression data-
bases, both COQ3 and COQ8A also coexpress with COQ10A
(81). The human ECHI1 localizes to the matrix of mito-
chondria and participates in B-oxidation of unsaturated
fatty acids (82), and the interaction of ECH1 with both
COQI10A and COQ10B aligns well with their roles as chap-
erones to deliver CoQ as a cofactor for the reaction.

DISCUSSION

This study provides another piece of evidence supporting
the functional conservation of yeast and human proteins
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involved in CoQ biosynthesis. Unlike yeast, humans have
two isoforms of COQI10, which may have evolved by a
duplication event during chordate evolution (Fig. 8B).
RNA-seq analysis of different human tissues suggests that
although both COQ10A and COQI10B are universally ex-
pressed, COQ10A seems predominantly expressed in heart
and skeletal muscle cells (83, 84). Knowing that COQ10A
and COQI0B share 66% sequence identity (84% similar-
ity), the enrichment of COQ10A in human heart and skel-
etal muscle implies a functional specialization of the
protein. From our experimental results, it is curious to
note that single-copy COQ10A performs the best in terms
of restoring steady state Coq polypeptide levels (Fig. 4), sta-
bilizing the CoQ synthome (Fig. 5), and restoring resis-
tance against PUFAs (Fig. 7), despite the finding that
single-copy COQ10A seems to restore respiratory growth
phenotype just as well as both single- and multi-copy
COQI10B on YPG plate medium (Fig. 1B). In contrast, nei-
ther COQ10A nor COQ10B expression restores de novo
CoQ synthesis in yeast when compared with the cogl0A
empty vector control (Fig. 6, supplemental Fig. S2). Effi-
cient CoQ biosynthesis requires a properly assembled CoQ
synthome, but neither COQ10A nor COQ10B expression
fully restores the CoQ synthome assembly (Fig. 5). Impor-
tantly, neither COQ10A nor COQ10B expression restores
the steady state levels of Cog4, which is known to be the
central organizer protein of the CoQ synthome (34). Ad-
ditionally, the assembly and stability of the CoQ synthome
relies on the presence of CoQ; and CoQgintermediates.
Studies have shown that reestablishment of de novo CoQ;
biosynthesis and the levels of certain CoQ -intermediates
restores the CoQ synthome assembly and CoQ domain for-
mation (34, 85). The CoQ synthome is responsible for ef-
ficient de novo CoQ biosynthesis, and the resulting CoQ
and CoQ-intermediates are in turn necessary to stabilize
the CoQ synthome. Because neither COQ10A nor COQ10B
rescues the defect in de novo CoQ; production, the
amounts of CoQy; or CoQgintermediates may not be suffi-
cient to restore and stabilize the CoQ synthome. However,
expression of either of the human orthologs, COQ10A or
COQI10B, complemented the cogl0A glycerol growth (Fig.
1B). Thus, human COQ10A and COQ10B fulfill two inde-
pendent functions in yeast: I) both facilitate the function
of CoQ in respiration; and 2) both enable CoQ to function
as a chain-terminating antioxidant. However, neither
COQI0A nor COQ10B function to restore the efficient
CoQ biosynthesis in yeast.

One possibility is that a coordinated action of both yeast
Coql0 and Coql1 is necessary to restore efficient CoQ bio-
synthesis in the yeast cog70A mutant. In mammalian cells, it
is common that the START domain may be coupled with
other motifs/domains on the same protein, offering addi-
tional functions, such as localization, enzymatic activity, or
signaling (12, 13, 86). For instance, the metastatic lymph
node 64 (MLN64) is a cholesterolspecific START protein,
and it contains a conserved membranespanning (MLN64
N terminal) MENTAL domain in addition to the START
domain (87). The NMENTAL domain anchors MLLN64 to
the late endosome membranes, from which the MENTAL

domain can capture cholesterol and subsequently transfer
it to the cytoplasmic START domain (14, 87, 88). Yeast
Coqll belongs to the shortchain dehydrogenase/reduc-
tase (SDR) superfamily, which contains a conserved Ross-
mann fold with an N-terminal binding site for NAD (H) or
NADP(H) (89). The S. cerevisiae cogl1A does not exhibit
an apparent growth defect on a nonfermentable carbon
source, but its de novo 13C(,—CoQJt—, production is signifi-
cantly lower compared with the wild-type cells (78). S. cere-
visiae coql 0A shares a very similar phenotype except that its
growth on nonfermentable carbon sources is impaired but
not completely abolished. Thus, it may be possible that, in
yeast, the Coql0 and Coql1 functions need to be coordi-
nated in order to achieve wild-type level efficiency for de
novo CoQj; biosynthesis. The presence of Coql0-Coql1 fu-
sion protein in several Ustilaginaceaespecies (Fig. 8) further
consolidates a potential functional link conferred by their
physical interaction and/or function in the same biological
pathway. In mammalian cells, the closest but distinct ho-
molog to yeast Coql1 is NDUFA9, a NADH dehydrogenase
and a complex I ubiquinone reduction-module (Q-mod-
ule) subunit (78, 90). However, because humans do not
have Coqll, a similar interaction between Coql0 and
Coqll either never evolved or was lost during evolution.
Therefore, we postulate that neither human COQ10A nor
COQI10B was able to interact with yeast Coql1, hence fail-
ing to restore de novo CoQ biosynthesis (Fig. 6, supple-
mental Fig. S2). In contrast, plants and algae do have
orthologs of yeast Coql1 and have evolved to use Coql1 or
Coql1-like proteins (78). The Arabidopsis thaliana genome
encodes four Coqll orthologs (Atlg32220, At5gl15910,
Atbg15480, and Atbgl10730), and the chloroplast-localized
flavin reductase-related protein, At1g32220, is thought to
be involved in plastoquinone biosynthesis (49, 78). In
COXPRESdb, COQI0A is coexpressed with SDR39U1,
which, like Coqll, belongs to the SDR superfamily (75),
and SDR39U1 was found to coelute with human COQ9
from a hydroxyapatite column in mitochondria solubilized
with Triton X-100 (91). These functional inferences may
supply a link between human COQ10 and Coq11-like pro-
teins in CoQ production.

So far, most of the publications on yeast Coql0 are fo-
cused on its putative function as a CoQ chaperone for its
function in respiration and as a lipophilic antioxidant. The
Coql0 similarity network analysis (Fig. 8A) suggests that
Coql0 homologs may be functionally linked to lipoic
acid synthesis and/or regulation. Lipoic acid is a sulfur-con-
taining cofactor and is essential for enzymatic functions of
pyruvate dehydrogenase and a-ketoglutarate dehydro-
genase, as well as the glycine cleavage system (92). Lipoic acid
is assembled on its cognate proteins from precursor octa-
noic acid from the fatty acid biosynthesis pathway to a specific
lysine residue of the cognate protein by octanoyl trans-
ferase (LipB), followed by insertion of sulfur by lipoyl
synthetase (LipA) (92). Eukaryotes contain a conserved
mitochondrial fatty acid synthetic pathway, independent
from cytosolic fatty acid biosynthesis machinery (93). The
respiratory competence in yeast is dependent on the ability
of mitochondria to synthesize fatty acids, and yeast deletion
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mutants of enzymes involved in mitochondrial fatty acid
synthesis exhibit a respiratory-deficient phenotype and
small mitochondria, possibly mediated by inefficient tRNA
processing by RNase P cleavage (93). A role for Coql0 or
Coq10 homologs in fatty acid synthesis has not been sub-
stantiated, but because yeast cogl0A is respiratory-defective,
it would be interesting to examine the mitochondrial mor-
phology in this particular mutant and assess the lipoic acid-
dependent enzyme activities.

Another possible functional role of Coq10 relates to the
coexpression of COQI0 and MDMI2 from a shared pro-
moter in S. cerevisiae (Fig. 8A) (94). The arrangement and
coregulation of different genes via promoter sharing is in-
dicative of functional connection and/or physical interac-
tions between the two gene products. In yeast, Mdm12 is
positioned on the mitochondrial outer membrane as part
of the ERMES complex subunit; Mdm12 bridges Mmml
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
Coql1) 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 estab-
lished by a START-like domain containing ER membrane
sterol transporter protein, Ltcl, in complex with the mito-
chondrial outer membrane protein, Tom?71, as well as by
the ERMES complex (85, 95). Presence of the CoQ do-
main relies on the cooperative assembly of the CoQ syn-
thome components (85). Absence of any one subunit of
the ERMES complex also elicits a dramatic effect on the
overall stability of the CoQ synthome and CoQ domain for-
mation, but only a negligible effect on the steady state
levels of the constituent Coq polypeptides of the CoQ syn-
thome (85, 95). Deletion of LTCI in the mmmIA mutant
further enhanced the defect of CoQQ domain formation,
suggesting a redundant functional role of these two ER-
mitochondria tethers for domain positioning in the mito-
chondria (85). The ERMESA mutants accumulate steady
state and '*Cglabeled CoQy-intermediates as a result of
inefficient CoQj; biosynthesis from destabilized CoQ
synthome (95). Interestingly, these ERMESA mutants retain
more *Cglabeled CoQ; even though their steady state
CoQ; levels inside the mitochondria are lower compared
with the wild-type cells (95). The disruption of CoQj
homeostasis presumably results from the reduced sequestra-
tion of CoQ, within the mitochondria and/or compro-
mised degradation of CoQ); at the peroxisomes, which have
been reported to colocalize with the ERMES complex at
specific mitochondrial subdomains (95, 96). Inside the
yeast mitochondria, two separate studies have observed a
reduced number of CoQ synthome domain formations in
the yeast cogl0A mutant, which is likely contributed by the
partial destabilization of the CoQ synthome as well as com-
ponent Coq polypeptides in the absence of Coql0 (63, 85,
95). The establishment of CoQ domains within mitochon-
dria relies on CoQ-intermediates and substrate flux (85),
which seems to correlate well with the role of Coql0 in

mediating efficient CoQ production. However, the exact
mechanism underlying the role of Coql0 in coordination
of the ER-mitochondria contact sites and CoQ biosynthesis
remains to be elucidated.

Similar CoQ domains are also observed in human cells
(85). However, mammalian cells do not have orthologs of
ERMES polypeptides, and the physical contact between ER
and mitochondria is established by homo- or heterodimer-
ization of ER-localized mitofusin (MFN)2, with 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 ¢ reductase activities (98). Proteomic and
metabolic analyses suggest that loss of MFN2 likely affects
the isoprene biosynthesis pathway that is upstream of both
CoQ and cholesterol biosynthesis, but the effect is only ob-
served as decreased CoQ but not cholesterol levels (98).
Similar to the yeast system, the enzymes involved in the iso-
prene biosynthetic pathway exist in different organelles,
including mitochondria, ER, and peroxisomes (98); how-
ever, the functional implications of the involvement of hu-
man COQI10A and COQI0B in physical coordination of
these organelles remain to be uncovered.

In summary, this study indicates that although expres-
sion of the human COQI10A or COQ10B orthologs failed
to restore efficient de novo synthesis of CoQ;, they none-
theless rescued the respiratory deficiency and the sensitivity
to oxidative stress of the yeast cogl0A mutant. These results
indicate that the Coql10 START domain functions as a CoQ
chaperone, necessary for respiration-dependent cellular
bioenergetics and defense mechanisms against oxidative
stress. The COQI10 family protein analyses provide addi-
tional insights into the possible roles of Coql0-dependent
transport of CoQ, necessary for its function as a cofactor in
biological pathways and trafficking between organelles B
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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
MmmI-Mdm12 complex can mediate phospholipid
transfer in vitro and that mutations in MMMI or
MDM 2 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.
CoQg 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 CoQs
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 S1 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 ODggy~ 0.01 and
followed until reaching ODgpo~ 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 pul
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lyticase (10 IU/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 ODgyy < 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
IT (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).

SDS-PAGE Analysis 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 celectrophoresis 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
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(LICOR) was wused at 1:10,000 dilutions. Blot
images were recorded using LiCOR Odyssey Infrared
Scanner (LICOR).

BN-PAGE and Analysis of ATP Synthase

Wild type and Amdmi0 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 ODggp < 2.0 and isolated by differential centri-
fugation as described (Daum, Bohni, and Schatz (1982).
BN-PAGE was performed as described earlier
(Schigger, 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 NaCl, 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 ul 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 ODgy, of 0.6. Then ethanol (as
vehicle control) or 8 pg/ml of the stable isotopes
13C¢-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 CoQ4 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, 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 ul 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 x4.6 mm, 5 pm; 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
wl/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 ODgy~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 S1(a) for
S288C). Of note, the mRNA levels of genes encoding for

(a) 2.0
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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 CoQg 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 (Ammm/, 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/, Amdm |0,
Amdm|2, and Amdm34), Acoq (Acog3-Acoql0) and a control, demonstrating that steady-state levels of the different Coq polypeptides
were not dramatically altered in the ERMES deletion strains. Immunoblotting was performed with antisera against designated yeast Coq
polypeptides (Coq3-Coql0), Mdh| as a mitochondrial marker; and Secé2 as an ER marker. Arrows denote the corresponding protein in
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
Coqg4, Coqg5, 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 Coq4 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 CoQg4 and
CoQg-Intermediates in Whole Cells

To quantify how the biosynthesis of CoQg 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. (2) 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 WT and Acog4 lanes. The red asterisk (*) indicates a discrete nonspecific signal observed with the antisera to Coqg4. (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 (Coq9 is also destabilized and undetectable in the Acog5 strain). Gels were immunoblotted against Coq5 and Coq9.
The strong Cog5 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, (DDMQg),
and demethoxy-QsH, (DMQg), which eventually lead to
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COOH COOH o6 COOH
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R
6
I
R Cogb A
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SASS SA

13C,-4HB

13C,-pABA

(e) DDMQ, (®

AT ST

13C,-pABA 15C;-4HB

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, Cog6, and
Coq9 (He et al., 2015; Ogzeir et al., 2015) and 4-imino-
demethyl-demethoxy-QsH, (IDDMQ;) and 4-imino-deme-
thoxy-QeH, (IDMQ) 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 '3C ring-labeled precur-
sors, namely, '*Cg-pABA and '*C¢-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. CoQg-intermediates that were analyzed using mass spectrometry (MS) are indicated in
green text. (b-g) MS-MS analysis for CoQ, and CoQg-intermediates in whole cell lipid extracts from W303 control, Ammm/I, Amdm |0,
Amdm |12, and Amdm34 strains. '’C4-CoQg and '*C¢-CoQe-intermediates derived from '*Cy4-pABA are depicted in red, while the
13C-CoQg and '*C4-CoQg-intermediates derived from '*C,-4HB are depicted in blue. The biosynthesis of '*C¢-CoQg (b) is increased in
Amdm |0, Amdm|2, and Amdm34 strains labeled with '>C¢-pABA or '*C¢-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, ('*C,-DDMQ) (e), 4-imino-DMQ,
(*C,-IDMQy) (f), and demethoxy-Q, ('>*C,-DMQy) (g) are significantly increased in Amdm /0, Amdm|2, and Amdm34 strains, with the
exception of '3C6-DMQ6 in Amdm34 that did not change after the labeling with '3C6-4HB. 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<.0l; ¥ 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 Amdmli0, Amdmli2, and Amdm34 cells
showed enhanced de novo synthesis of '*CgCoQg
(Figure 3(b)). These mutants also accumulated
CoQg-intermediates emanating from '*C4-pABA and
13C¢-4HB, whereas AmmmI cells only contained signifi-
cantly higher amount of '*Cy-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 CoQg and
CoQg-intermediates in most of the ERMES deletion
mutants, regardless of the presence or absence of
13C-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 CoQs and CoQ4-Intermediates
in Isolated Mitochondria

Although the biosynthesis of yeast CoQg occurs exclu-
sively within mitochondria, CoQg is present in all
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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 CoQg 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 Amdmli2 strains
(Figure 4(a)). Only strains lacking Mdm34 appeared to
have nearly normal levels of CoQjg. Isolated mitochon-
dria from all of the ERMES deletion strains also
contained lower levels of the late-stage intermediates
IDMQ¢ 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 and CoQg-intermediates. (a-f) Targeted MS-MS analyses for CoQg and
CoQg-intermediates from purified mitochondria from W303 wild-type (WT) control, ERMES mutants (Ammm [, Amdm|0, Amdm|2, and
Amdm34) as well as Acogq7, which was included as a negative control. Levels of (a) CoQg were significantly reduced in all ERMES deletion
strains except for Amdm34. Levels of (b) IDMQ, and (c) DMQ, were significantly reduced in all ERMES deletion strains. Levels of

(d) DDMQ, were not significantly changed. Levels of (e) HHB and (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. Statistically significant differences between the control and each of the
ERMES mutants are represented by ¥, p <.05; ¥, p <.01; ¥, p <.001; and ¥**, p <.0005. n.d. =not detected. 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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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 Acog7 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 CoQg-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, Coqb, 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 Cog6 and Coq9 in a strain har-
boring a deletion for MDM34, the Cog-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

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 COQ10 and
MDMI2 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 Coql0 is involved in the positioning
of the CoQ synthome next to ERMES. To this end, we
removed COQI0, 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 cog/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 CoQg 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(g)). 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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identified. Then the proximity between each Mdm34-mCherry puncta and Coq-GFP was assessed. n= 100 Mdm34-mCherry puncta.
(c) Yeast cells expressing Coq6-GFP, Mdm34-mCherry, and a MTS-BFP were imaged using fluorescence microscopy on either control or
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signal was examined. n= 100 Mdm34-mCherry puncta. (e) Schematic representation of the colocalization of ERMES and the CoQ
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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 Coq10 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 CoQg
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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 CoQgq
biosynthesis and respiration (Allan et al., 2013). The co-
expression of the COQI0 and MDMI12 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 a- 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,, (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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Terpenoid quinones are liposoluble redox-active compounds that serve as essential electron carriers and anti-
oxidants. One such quinone, rhodoquinone (RQ), couples the respiratory electron transfer chain to the reduction
of fumarate to facilitate anaerobic respiration. This mechanism allows RQ-synthesizing organisms to operate
their respiratory chain using fumarate as a final electron acceptor. RQ biosynthesis is restricted to a handful of
prokaryotic and eukaryotic organisms, and details of this biosynthetic pathway remain enigmatic. One gene,

rquA, was discovered to be required for RQ biosynthesis in Rhodospirillum rubrum. However, the function of the
gene product, RquA, has remained unclear. Here, using reverse genetics approaches, we demonstrate that RquA
converts ubiguinone to RQ directly. We also demonstrate the first in vivo synthetic production of RQ in
Escherichia coli and Saccharomyces cerevisiae, two organisms that do not natively produce RQ. These findings help
clarify the complete RQ biosynthetic pathway in species which contain RquA homologs.

1. Introduction

Quinones serve as essential electron carriers in conserved, central
metabolic processes such as respiration and photosynthesis. Ubiquinone
(Coenzyme Q or Q, Fig. 1) is a core component of the electron transport
chain in mitochondria. While Q is near ubiquitous in aerobic organisms,
other, more exotic prenylated quinones facilitate energy production in
facultative anaerobes [1]. Rhodoquinone (RQ, Fig. 1) is one of these
rarer quinones and is a structural analog of Q. RQ has an amino group
at C-2 position of the benzoquinone ring while Q has a methoxy group.
This small structural change alters their respective midpoint redox
potentials from + 100 mV for Q to —63 mV for RQ [2]. With this lower
midpoint redox potential, RQ can accept electrons from Complex I and
the resulting RQH donates electrons directly to fumarate reductase to
maintain the chemiosmotic gradient needed for ATP generation in the
absence of oxygen [3,4].

While RQ is an integral compound of core anaerobic bioenergetics,
its complete biosynthesis is still not known. Rhodoguinone biosynthesis
protein A (RquA) was discovered in a forward genetics screen of
Rhodospirillum rubrum as a putative methyltransferase-like enzyme that

contributes to RQ biosynthesis [5]. The rquA gene is required for
anaerobic growth of R. rubrumn, and the null mutant, ArquA is incapable
of synthesizing RQ [5]. However, the exact function and substrate of
the RquA gene product has remained elusive. Q has been hypothesized
to be a precursor of RQ from radiolabeling assays [6] and artificial
feeding experiments in R. rubrum (7], but no genetic evidence has been
provided. Furthermore, it is unknown whether this conversion would
occur in a single or multi-step process.

A recent phylogenetic analysis of rquA’s origin and distribution was
reported by Stairs, et al. [4]. The authors found that rquA is extremely
rare and sparingly distributed among the alphaproteobacteria, beta-
proteobacteria, and gammaproteobacteria classes of bacteria, and four
of the five eukaryotic supergroups in which it is found [4]. It was
proposed that RquA homologs likely evolved from the proteobacterial
class I SAM-dependent methyltransferases [4]. The closest homologs of
RquA are those used in Q biosynthesis: Cog3 and Coq5 in Saccharomyces
cerevisiae, or UbiE and UbIG in Escherichia coli [5]. It is possible that
RquA evolved from proteins that were capable of binding Q and later
gained a new enzymatic function to facilitate RQ biosynthesis [4].
Homologs of rquA are also found in select eukaryotes that produce RQ

* Corresponding author at: Department of Chemistry and Biochemistry, Gonzaga University, 502 East Boone Avenue, Spokane, WA 99258, United States.
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Fig. 1. The biosynthetic pathway of ubiguinone (Q) in E. coli (Ubi) and S. cerevisiae (Coq), as well as the proposed pathway to RQ biosynthesis in organisms with an
RquA homolog. In E. coli, 4-hydroxybenzoic acid (4HB) is prenylated by UbiA to form 3-octaprenyl-4-hydroxybenzoate (OHB) which undergoes decarboxylation by
UbiD and UbiX. Hydroxylation of the resulting product, 3-octaprenylphenol (OPP), is catalyzed by Ubil to form 3-octaprenyl catechol (compound 1). The first O-
methylation is catalyzed by UbiG to convert compound 1 to 2-octaprenyl-6-methoxyphenol (compound 2). Hydroxylation of compound 2 with UbiH yields de-
methyldemethoxyubiquinol (DDMQH,). The Q pathway in yeast can start from 4HB or para-aminobenzoic acid (pABA), and after multiple steps, catalyzed by Coql,
Cog2, Yahl, Arhl, Cog3 and other Cog polypeptides, results in the common intermediate, DDMQH,. The C-methylation of DDMQH, with UbiE or Cog5 then
produces demethoxyubiquinol (DMQH,). A final hydroxylation of DMQH, by UbiF or Cog7 yields demethylubiquinol (DMeQH,), which can then be methylated
again by UbiG or Cog3 to produce ubiquinol (QH), the reduced form of Q. The R. rubrum protein, RquA, is proposed to convert Q to RQ. The number of isoprene
units in the tail (R) is represented by the letter “n” and varies between species (e.g. in yeast n = 6, in E. coli n = 8, and in R. rubrum n = 10).

such as Euglena gracilis [4,8], and the protist, Pygsuia biforma [4]. It has
been hypothesized that the rquA gene was transferred from prokaryotes
to eukaryotes by multiple independent lateral gene transfer events after
the development of mitochondria [4].

Some higher order eukaryotes such as the metazoans, Caenorhabditis
elegans and Ascaris suum, also produce RQ [9,10]; however, they do not
possess a rquA homolog in their genome [4]. The RQ biosynthetic
pathway in species that do not have a gene encoding for RQuA appears
to differ from the pathway in R. rubrum; namely, Q is not a required
precursor of RQ. For example, the C. elegans clk-1 mutant, is deficient in
Qo and builds up the demethoxyubiquinone-9 (DMQs) intermediate;
however, the mutant can still produce RQ, [11,12]. These data suggest
that these metazoans may have convergently evolved the ability to
synthesize RQ in adaption to hypoxia and require different RQ bio-
synthetic intermediates and enzymes [4].

While RQ biosynthesis remains under-studied, Q biosynthesis in
prokaryotes and yeast is better understood. Known steps in the Q bio-
synthetic pathway are outlined in Fig. 1. E. coli ubi null mutants have
been used to elucidate the majority of intermediates and Ubi

polypeptides required for Q biosynthesis [13]. Polypeptides of interest
in this work include UbiG, which performs an O-methylation reaction of
Compound 1 (Fig. 1), and the null mutant, AubiG, accumulates OPP
[14]. UbiH then facilitates a hydroxylation of Compound 2 (Fig. 1) to
form DDMQgH>, and the corresponding mutant, AubiH, accumulates
Compound 2, in addition to OPP [14]. The following C-methylation
step is facilitated by UbIiE. The AubiE mutant thus accumulates
DDMQgH; [15]. UbIiF completes the last hydroxylation to produce
DMeQgH,, and the corresponding mutant, AubiF, accumulates DMQgH,
[16,17]. The final O-methylation of DMeQgH; to form QgH, also re-
quires UbiG [18]. E. coli UbiE, UbiF, UbiG, UbiH, Ubil, UbiJ and UbiK
polypeptides form a high molecular mass soluble metabolon re-
sponsible for the ring modification steps in synthesis of Qg [19].

The biosynthesis of Q in S. cerevisiae (yeast) is known to require a
membrane bound complex of at least eight polypeptides, which are
products of genes COQ3-COQ9 and COQI1 [20]. COQI and COQ2 gene
products are required for assembly of the polyprenyldiphosphate tail
and its attachment to the ring precursor [21,22]. Similar to E. coli, yeast
do not produce or require RQ. The primary metabolic pathways used by
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yeast are fermentation or respiration, the latter process requiring Q.
Yeast can synthesize Q from either 4HB or pABA (Fig. 1) [23,24]. De-
letion of any of the COQ genes results in defects in Q biosynthesis and
growth on a non-fermentable carbon source [21,22]. Unlike in E. coli,
the immediate Q biosynthetic precursors do not accumulate in the yeast
null cog mutants. For example, the yeast mutant, cog3A, cannot produce
Q, and is incapable of respiration; however, the only precursors de-
tected in this mutant are the very early intermediates, 3-hexaprenyl-4-
hydroxybenzoic acid (derived from 4HB) and 3-hexaprenyl-4-amino-
benzoic acid (derived from pABA). These intermediates accumulate in
most of the cog3 to cog9 null mutants, which is thought to be due to the
required macromolecular protein complex required for Q biosynthesis
[20]. However, it was demonstrated that the E. coli gene homolog, ubiG,
can rescue respiration in the cog3A mutant and restore the ability to
synthesize Qg [25].

Here, we investigate Q and these earlier Q biosynthetic inter-
mediates as substrates for RquA. Using genetics and analytical bio-
chemistry, we demonstrate that recombinant RquA requires the pre-
sence of Q to produce RQ in both a prokaryote and eukaryote model.
This work has elucidated a complete pathway for RQ biosynthesis in
rquA-producing species, a critical compound for anaerobic respiration.

2. Methods
2.1. Yeast and E. coli strains and plasmids

A complete list of yeast and E. coli strains with their genotypes,
specifications, and sources are listed in Table 1. A full list of plasmids
used in this study and their sources are given in Table 2.

2.2. Construction of pET303_RquA

The rquA gene [Rru_A3227] was amplified by PCR from chromo-
somal R. rubrum DNA using Pfu Ultra II Hotstart Master Mix (Agilent, La
Jolla, CA) with a forward primer containing an Xbal restriction site,
p303Xbal _F (5"-CAGTTCTAGAATGACTAAGCACCAAGGTGCGG TCC-3")
and a reverse primer with an Xhol cutsite, p303Xhol R (5-ACGTCTC
GAGAGCGCG TCGCTCCGC-3"). The Champion™ pET303/CT-His vector
(Invitrogen, Waltham, MA) and rquA amplicon were separately digested
with Xbal and Xhol in NEBuffer 4 (NEB, Ipswich, MA) and cleaned with
a DNA Clean and Concentrator-5 kit (Zymo Research, Irvine, CA).
Ligation was achieved using T4 DNA ligase and T4 DNA Rapid Reaction
Ligase Buffer (NEB, Ipswich, MA) with a 6:1 molar ratio of insert:vector.
The ligation mixture was used to transform E. coli DH5a and XJb (DE3)
autolysis Mix and Go! cells (Zymo Research, Irvine, CA), using ampi-
cillin for selection. The plasmid sequence was verified by Sanger se-
quencing.

Table 2

Plasmids used.
Plasmids Source
PET303 RquA This work
pBAD24 [28]
pBAD24 RquA This work
pQM [25])
PQM RquA This work
pQMG [25)
PRCM RquA This work
pRCM [29])

2.3. Expression of RquA in E. coli BL21 (DE3) cells

PET303_RquA was transformed into E. coli BL21 (DE3) cells. Three
colonies of this transformation were grown overnight in 2 mL culture of
M9 minimal media amended with ampicillin. The next day, 500 pL of
each of these cultures was added to 30mL of M9 minimal media
amended with ampicillin in 250 mL flasks. Cultures were then in-
cubated at 37 °C with shaking at 250 rpm. Untransformed E. coli BL21
(DE3) cells were run in parallel without ampicillin. Once cultures
reached an ODgg of 0.4 they were cooled to 25 °C and expression of
RquA was induced using 100 uM of IPTG. Incubation continued at 25°C
for another 16 h, at which point 15 mL of each culture was harvested by
centrifugation. Pellets were then resuspended in 1 mL of milli-Q sterile
water and frozen at —80 “C for storage until lipid extraction.

2.4. Qs feeding assays in XJb (DE3) E. coli expressing RquA

A single colony of XJb::pET303_RquA was used to inoculate 5 mL of
Luria-Bertani (LB) broth amended with ampicillin, and the culture was
grown overnight at 37 °C with 250 rpm shaking. Outgrowth cultures
(100 mL) were prepared from overnight culture in 500 mL flasks with
LB amended with ampicillin and arabinose (3 mM final), at a starting
ODggo of 0.01, and grown for 2.5h to an ODggp of 0.4-0.6. Cultures
were induced with 100 pM of IPTG and then divided into six 15-mL
aliquots in 125mL flasks before adding concentrated Qs substrate in
ethanol (5 and 10uM final). The Q3 substrate was synthesized in two
steps from 2,3-dimethoxy-5-methylbenzoquinone using previously
published protocols [27]. Feeding cultures were grown for 18 h at 25°C
with shaking, and pellets were harvested from 5mL of culture and
frozen at —80°C. Each condition was performed in triplicate, and
controls without vectors were prepared without ampicillin, at the same
Qs concentrations.

2.5. Expression of RquA in E. coli ubi knockouts

The rquA gene was subcloned from pET303_RquA into pBAD24 [28]
using the following primers: forward (5-CTAGCAGGAGGAATTCATGA

Table 1

Genotype and source of yeast and E. coli strains.
Strain designation Genotype/specifications Source
S. cerevisiae
W303-1A MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 R. Rothstein”
CC303 MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cog3:LEU2 [26])
E. coli
K12 wild-type
JW2875 AubiH F-, AlaraD-araB)567, AlacZ4787(::rmB-3), A-, AubiH758:kan, rph-1, A(rhaD-rhaB)568, hsdR514 CGSC Keio Collection
JW2226 AubiG F-, A(araD-araB)567, AlacZ4787(::rrnB-3), -, AubiG785:kan, rph-1, A(rhaD-rhaB)568, hsdR514 CGSC Keio Collection
JW5581 AubiE F-, AlaraD-araB)567, AlacZ4787(::rmB-3), A-, rph-1, AubiE778::kan, A(rhaD-rhaB)568, hsdR514 CGSC Keio Collection
JW0659 AubiF F-, AlaraD-araB)567, AlacZ4787(::rrnB-3), AubiF722::kan, -, rph-1, A(rhaD-rhaB)568, hsdR514 CGSC Keio Collection
BL21 One Shot® BL21 Star™ DE3 pLysS cells Invitrogen
XJb BL21 (DE3) with chromosomally inserted A lysozyme gene inducible by arabinose Zymo Research

® Dr. Rodney Rothstein, Department of Human Genetics, Columbia University.
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CTAAGCACCAAGGTGCGG-3") and reverse (5-GCAGGTCGACTCTAGA
TTAAGCGCGTCGCTCCGC-3") with InFusion cloning technology. An
empty pBAD24 vector was used as a control. Expression of RQuA was
shown to be tightly controlled in the pBAD24 vector and could be ex-
pressed at low to high levels using arabinose concentrations ranging
from 0.0002% to 0.2% w/v. Wild-type E. coli K12 and the Q biosyn-
thetic knockout mutants, AubiG, AubiH, AubiE, and AubiF were trans-
formed with pBAD24 and pBAD24 RquA. A 2 mL pre-culture was grown
overnight with appropriate selection from individual colonies of each of
the transformed mutant strains. Pre-cultures were used to inoculate
30 mL of LB broth amended with appropriate selection in 250 mL flasks.
Cultures were incubated at 37 °C with shaking at 250 rpm. Expression
was induced with 0.2% w/v (13,000 uM) arabinose when ODgg, = 0.5.
Cultures were then grown until they reached ODgqo = 1, at which point
they were harvested by centrifugation and resuspended in 1mL of
milliQ water. Resuspended pellets were then frozen at —80 °C for sto-
rage until lipid extraction and analysis.

2.6. Construction of pQM_RquA

The rquA gene was amplified from pET303 RquA using Q5°® High
Fidelity Master Mix (NEB, Ipswich, MA) with the forward primer,
PQMClal F (5-CGAAGATCGATACTAAGCAC CAAGGTGCGGT-3) and
the reverse primer, pQMKpnI R (5-TGATCGGTACCTTAAGC GCGTCG
CTCCGCGACGA-3"), containing Clal and Kpnl restriction sites, respec-
tively. The pQM plasmid containing a COQ3 mitochondrial leader se-
quence [25] and the rquA amplicon were double digested with Clal and
Kpnl-HF in CutSmart® buffer (NEB, Ipswich, MA). The linear vector and
insert were ligated using the same conditions as for pET303_RquA, and
the ligation mixture was transformed into NEB® 5-alpha Competent E.
coli (NEB, Ipswich, MA) using the Efficiency Transformation Protocol
(C2987H/C29871). The sequence of pQM_RquA was verified with
Sanger sequencing.

2.7. Construction of pRCM_RquA

The rquA gene was amplified as described in Section 2.6 using the
pQMClal F primer and the reverse primer, pRCMKpnIHis R (5-TGATC
GGTACCTTAATGATGATGATGATGAT GAGCGCGTCGCTCCGCGA
CGA-3). The rquA amplicon, containing a C-terminal hexahistidine tag,
and the multi-copy pRCM plasmid [29] were both double digested with
Clal and KpnI-HF as described above. The linear pRCM vector was
purified by gel extraction using a Zymoclean® Gel DNA Recovery Kit
(Zymo Research, Irvine, CA) prior to ligation with the rquA-his insert.
The sequence of pRCM_RquA was validated using Sanger sequencing.

2.8. Expression of RquA in S. cerevisiae

Growth media for S. cerevisiae were prepared as described [30] and
included YPD (1% yeast extract, 2%, peptone, 2% dextrose), YPG (1%
yeast extract, 2% peptone, 3% glycerol), SD complete and SD-Ura
[0.18% yeast nitrogen base without amino acids, 2% dextrose, 0.14%
NaH,PO,, 0.5% (NH.)»SO; and complete amino acid supplement
lacking uracil]. Wild-type W303 yeast was transformed with single copy
vectors pQM, pQM_RquA, and pQMG [25], and with multi-copy vectors
PRCM and pRCM _RquA [29] using standard protocols [30], and selec-
tion was performed on SD-Ura plates. The pQMG vector harboring the
ubiG gene was previously constructed from pQM, which contains a
COQ3 mitochondrial leader sequence [25]. The mutant W303::Acog3
yeast [31] was similarly transformed with the three single copy vectors.
Overnight cultures in SD-complete (no vector) or SD-Ura (with vector)
of the ten strains were prepared from single colony scrapes and used to
inoculate 15-mL cultures in 125 mL flasks. Cultures with no vector or
single copy vectors were grown at 30 °C for 12 h with 250 rpm shaking,
while cultures containing the multi-copy vector required a 24 h growth
period to reach similar ODgqo values [3-4]. Aliquots containing 5-mL of

culture (15-20 ODg,, units) were pelleted for lipid extraction and LC-
MS analysis. Dilution assays were performed with 2 uL spots of yeast
cells diluted in PBS buffer to ODggo 0.2, 0.04, 0.008, 0.0016, and
0.00032 on agar plates containing YPD, YPG, SD-complete or SD-Ura
media with 2% bacto agar.

2.9. BL21 E. coli lipid extraction and HPLC analysis

Resuspended pellets were thawed at room temperature and trans-
ferred to 5 mL Pyrex tubes containing 500 pL of 0.1 mm zirconia/silica
beads (BioSpec Products, Inc., Bartlesville, OK) and vortexed at full
speed for 120s. Next, 5umol Q,, internal standard and 2mL 95%
ethanol was added prior to another 120 s of vortexing. Tubes were then
incubated at 70 °C for 15 min with intermitted mixing and then cooled
to room temperature. Lipids were extracted twice with 5mL hexane
phase partitions. Hexane fractions were combined and evaporated to
dryness under nitrogen gas. The dried lipid extract was then re-
suspended in 200 uL methanol:dichloromethane (10:1) and transferred
to a 1.5 mL Eppendorf tube for centrifugation (21,000 X g; 5 min). From
this centrifuged sample, 50 uL was injected on HPLC using a SUPELCO
Discovery® C-18 column (25 cm X 4.6 mm X 5um) held at 30 °C with a
flow rate of 1mL per min of solvent methanol:hexane (90:10).
Quinones were detected by diode array spectrophotometry (1260 DAD
HS, Agilent Technologies, Germany).

2.10. Lipid extraction of XJb E. coli and S. cerevisiae for LC-MS
quantitation

Cell pellets were thawed and 500 pmol Q, internal standard (for E.
coli) or 1000 pmol Q; (for yeast) was added prior to lipid extraction,
using methods previously reported for R. rubrum [7]. Dried lipid ex-
tracts were resuspended in 20pL hexane and 955pL ethanol, and
30 min prior to LC-MS injection, 25 pL of FeCl; (100 mM, 2.5 mM final)
was added to ensure full oxidation of quinones. Standards were ex-
tracted using the same protocol at the following concentrations: For E.
coli, standards contained Qg (5 pmol/10yL injection), RQs (1.5, 3.0,
4.5, 6.0, or 12pmol/10 L injection) and Qs (6.0, 12, 24, 36, or
48 pmol/10 pL injection); for yeast, standards contained Q (10 pmol/
pL injection) and Qe (0.3, 0.6, 1.2, 3.0, or 6.0 pmol/10 yuL injection).
The standards Qs and RQs; were synthesized at Gonzaga University
using previously published procedures [27,32]. The Qg and RQg stan-
dards were isolated from BL21::pET303_RquA extracts by preparative
HPLC at the University of Florida, Gainesville. The Q¢ and Qo stan-
dards were purchased from Sigma-Aldrich (St. Louis, MO). Since an RQg
standard was not available, the quantity of RQg was determined using a
pmol conversion from the Qg standard curve and applying a RQ/Q re-
sponse correction factor of 2.45 (which was determined from RQy/Qg
and RQs/Qs standards). The lipid extracts and standards were sepa-
rated using high performance liquid chromatography (Waters Alliance
2795, Waters Corporation, Milford, MA) and quinones were quantified
using a triple quadrupole mass spectrometer in positive electrospray
mode (Waters Micromass Quattro Micro, Waters Corporation, Milford,
MA). Chromatography was performed at 4 °C using a pentafluorophenyl
propyl column (Luna PFP(2), 50 by 200 mm, 3 ym, 100 .7\, Phenomenex,
Torrance, CA) at a flow rate of 0.5mL/min and injection volumes of
10 L. Quinones were eluted between 1.7 and 6.6 min by using a gra-
dient system containing water with 0.1% formic acid (buffer A) and
acetonitrile with 0.1% formic acid (buffer B). The water and acetoni-
trile used were liquid chromatography-mass spectrometry (LC-MS)-
grade Optima (Fisher Scientific, Pittsburgh, PA), and the formic acid
was > 99% packaged in sealed 1-mL ampoules (Thermo-Scientific,
Rockford, IL). The gradient (buffer A-buffer B) method used was as
follows: 0 to 3.5 min (30:70), 3.50 to 3.75 min (30:70 to 2:98), 3.75 to
7.25min (2:98), 7.25 to 7.5min (2:98 to 30:70), and 7.50 to 9min
(30:70). Quantitation was accomplished using MRM of singly charged
ions, and monitored for the mass transition from each quinone
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Table 3

LC-MS parameters for each quinone.
MS parameter Qs RQs Qs RQs Qs RQs
Dwell time (s) 0.1 0.1 0.1 0.1 0.1 0.1
Cone (V) 20 25 31 35 35 39
Collision (V) 20 20 28 28 30 30

Precursor mass [M + H] ™ (m/z) 387.2 3722 591.4 5764 7276 7126
lon product mass [M]" (m/z) 197.2 1822 197.2 1822 197.2 1822

precursor ion ([M + H]") to its respective tropylium product ion
([M]*). Mass Lynx V. 4.1 software was used for data acquisition and
processing. Linear slopes were calculated using peak areas with a
bunching parameter of 3 and two smoothing functions. The following
global conditions were used for MS/MS analysis of all compounds:
Capillary voltage, 3.60kV; Source temp, 120 °C; Desolvation temp,
400 °C; Desolvation N gas flow, 800 L/h; and Cone N, gas flow, 100L/
h. Argon gas was used for the collision gas and was obtained from the
boil-off from a bulk liquid argon storage tank. Additional quinone-
specific parameters are listed in Table 3. Samples were analyzed in
duplicate and the pmol quinone was determined from the standard
curve and corrected for recovery of internal standard. Samples were
then normalized by ODggp unit of original culture. Accurate mass de-
termination of RQ was performed using a Waters LCT Premier XE time-
of-flight mass spectrometer in positive electrospray mode using a Wa-
ters UPLC with the same chromatography conditions.

3. Results
3.1. RquA leads to the production of RQs and a depletion of Qg in E. coli

To test if Q was a substrate of RquA, recombinant RQuUA was ex-
pressed in E. coli. Wild-type E. coli lipid extract profiles contain three
major quinone peaks: ubiquinone-8 (Qg), demethylmenaquinone-8
(DMKjg), and menaquinone-8 (MKg) (Fig. 2A.I). When RquA was ex-
pressed in wild-type E. coli, a fourth peak accumulated, coinciding with
a depletion of the native Qg. This new peak eluted approximately 2 min
prior to the native Qg peak (Fig. 2A.II). This peak had a maximum
absorption spectrum identical to that of RQ at 283 nm (Fig. 2A.II)
[6,33]. Time-of-flight (TOF) MS analysis provided an accurate mass
determination of RQg, which was within 1 ppm of the calculated exact
mass (Fig. 2B). In induced cultures of E. coli BL21::pET303_RquA, the
quantity of RQg averaged 250.6 = 125.0 pmol RQg/ODggp unit, com-
pared to only 19.3 = 10.7 pmol Qs/ODggo unit (Fig. 2C). In the BL21
control cells, there was an average of 203.2 = 18.6 pmol Qs/ODggo
unit, and no RQg was detected (Fig. 2C). The observation that Qg
quantity is depleted, while RQg is formed, suggests that RquA uses a
substrate from the Q pool to form RQ.

3.2. Feeding of Q; to E. coli expressing RquA leads to formation of RQs

To test if Q could serve as a direct precursor, synthetic Q3 was fed to
induced cultures of E. coli XJb::pET303_RquA at 5uM and 10 uM con-
centrations, the RQ; product was detected using LC-MS with MRM
analysis, and validated with a synthetic standard (Fig. 3). RQ3 was not
found in the controls without vector (Fig. 3). The RQ; peak that elutes
at 1.68 min corresponds to a 372.2 > 182.2 m/z mass transition, in-
dicative of fragmentation of the molecular ion, [RQ; + H] ™, to form
the RQ tropylium product ion (see Appendix A, Fig. A.1 for LC-MS
chromatograms). The amount of RQ; product that accumulated from
increasing concentrations of Qs (5 and 10 uM) was similarly propor-
tional at 12.1 + 0.4 and 25.0 = 3.5 pmol RQ3/ODggy unit, respec-
tively (Fig. 3). RQgs was observed under these conditions at 6.40 min
with a mass transition of 712.6 > 182.2 m/z at 494.3 = 38.2 and
433.1 + 69.2 pmol RQg/ODggo unit, respectively (Figs. 3 and A.1).
These data help confirm that Q serves as the direct precursor of RQ.

3.3. RquA leads to accumulation of RQg only in E. coli strains that produce
Qs

To further confirm if RquA uses Q directly as a substrate, or acts on
an earlier Q intermediate, we expressed RquA in a series of Q biosyn-
thetic knockout mutants in E. coli. These mutations each halt the pro-
duction of Q at different enzymatic steps and the corresponding mu-
tants accumulate the respective intermediate as described earlier. The Q
biosynthetic enzymes targeted in this study were UbiG, UbiH, UbiE and
UbiF. In this experiment, RquA was provided access to four Q biosyn-
thetic intermediates which accumulate in the corresponding null mu-
tants: AubiG, AubiH, AubiE, and AubiF. The respective intermediates
tested as potential substrates for RQ biosynthesis were: OPP, 2-octa-
prenyl-6-methoxyphenol (Compound 2), DDMQg and DMQs. We found
that RquA was not able to produce RQ in any of these mutants (Fig. 4A).
Again, we observed the formation of RQ with RquA in an E. coli strain
that contained Q (Fig. 4A). It was also observed in this system that
higher induction of expression of RquA in E. coli K12 pBAD24_RquA
correlated with higher RQg and lower Qg levels and that the depletion
of Qg was found to be roughly proportional to the accumulation of RQg
in an approximate 1:1 mole ratio (Fig. 4B).

3.4. RquA expression in wild-type yeast leads to formation of RQ,

W303 yeast transformed with the single copy vectors, pQM,
PQM _RquA and pQMG, were capable of growth on YPD, YPG, SD
complete and SD-Ura plates (Fig. 5A). The rich YPD and YPG media
were used to compare growth on a fermentable carbon source (dex-
trose) versus a non-fermentable carbon source (glycerol). Yeast incap-
able of performing respiration (ie. lacking Q) cannot grow on YPG. SD-
complete and SD-minus uracil media were used to select for the pQM
and pRCM plasmids. Only yeast transformed with these plasmids can
grow without uracil. W303 transformed with the multi-copy vectors,
PRCM and pRCM _RquA, also showed growth on the four media types
(see Appendix A, Fig. A.2). LC-MS with MRM analysis revealed that
yeast containing the pQM_RquA and pRCM _RquA vectors produced a
new RQg product at 5.85 min with mass transition of 576.4 > 182.2
m/z (see sample chromatograms in Appendix A, Fig. A.3). The accurate
mass of RQg was confirmed using LC-TOF-MS to within 1 ppm of the
calculated exact mass (Fig. 5C). The average quantity of RQg in the
W303::pQM _RquA cultures was determined to be 12.9 = 0.3 pmol/
ODgqo (Fig. 5D), while the amount of RQg in W303::pRCM_RquA was
15.3 * 1.5 pmol/ODggo. Overall, there was about 10-20 times less RQg
produced in yeast than RQs produced in E. coli expressing RquA
(Fig. 2C). These quantities are consistent with the proportions of native
Qe and Qg recovered from yeast and E. coli, respectively, in the absence
of RquA. This experiment demonstrates that RquA can convert Q to RQ
in a eukaryote and that its activity is not restricted to prokaryotic
lineages, consistent with the natural distribution of RquA homologs in
the genomes of bacterial and eukaryotic species.

3.5. Expression of RquA in Acog3 yeast does not produce RQ or rescue
respiration

The yeast cog3A null mutant cannot grow on glycerol (YPG)
(Fig. 5B); however, transformation with pQMG, containing the E. coli
ubiG gene, recovered the synthesis of Qg and restored respiration and
the mutant’s ability to grow on YPG [25] (Fig. 5B). Since RquA is an-
notated on NCBI as a methyltransferase, and shares sequence similarity
to UbiG, we tested the rquA gene under the same experimental condi-
tions. We found that the pQM_RquA vector did not rescue respiration in
the Acog3 yeast (Fig. 5B), nor was RQg detected in the corresponding
lipid extracts by LC-MS (Fig. A.3). LC-MS analysis confirmed that the
only Acog3 strain to produce Qg contained pQMG (Fig. A.3). This ex-
periment demonstrates that RquA cannot functionally replace Cog3.
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with RquA expression; inset, RQg absorption spectrum. (B) The mass spectrum of

[RQg + H] * obtained from an extracted ion chromatogram of E. coli BL21::pET303_RquA lipid extracts shows the molecular ion at 712.5676 m/z (exact mass of
C4gH74NO3, 712.5669 amu). (C) Quantities of RQ and Q produced in E. coli BL21 cells with and without induced pET303_RquA.
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4. Discussion

Due to its central function in anaerobic bioenergetics, RQ is a mo-
lecule of high interest; yet, information on its biosynthetic pathway is
limited. Understanding RQ biosynthesis is worthwhile as it has been
cited as a possible target for control of helminth parasites [7]. While
several recent discoveries have been made in R. rubrum [5,7,34], the
complete pathway for RQ biosynthesis has not been reported. Prior to

the work presented here, the enigma for RQ-producing species con-
taining the rquA gene included whether Q was a substrate of RquA and
whether RQ was a product of the RquA reaction.

In this work, we demonstrate that expression of RquA from R. ru-
brum yields RQ in two species that do not naturally produce RQ, E. coli
and yeast. The RQ generated varied in tail length (RQ3, RQs, and RQg)
depending on the Q substrate available to RquA. RquA was unable to
utilize any of the Q biosynthetic intermediates tested as substrates in E.
coli. It was shown that in the absence of Q, no RQ was made in either E.
coli or yeast. These results provide direct evidence that RquA is ne-
cessary and sufficient to convert Q to RQ.

The presence of RQ in yeast did not appear to decrease cell viability
in plate dilution assays on the four different types of media. However,
yeast transformed with the pRCM _RquA multi-copy vector required
double the growth time to achieve the same cell density as cultures
containing single-copy vectors. This could be due to Q-cycle bypass
reactions that have been previously reported with addition of exo-
genous RQ to yeast [32], or to reduced levels of Q. Despite lower levels
of Qg in E. coli expressing RquA, there was no effect on growth on plates
or in liquid media. It is possible that RQ can act as a substitute for
menaquinone, the low potential quinone found naturally in E. coli [35].

RquA shows sequence homology to class I S-adenosylmethionine
(SAM)-dependent methyltransferase enzymes, such as Coq3 in yeast
and UbiG in E. coli [7,18,25]. However, certain residues within the
RquA SAM-binding motif differ from those observed in close homologs
for which methyltransferase activity has been demonstrated [5]. There
are several examples in the literature where methyltransferase-like
proteins have alternate functions, and SAM is implicated as an elec-
trostatic catalyst rather than as a methyl donor [36-38]. The data
presented here do not support the role of RquA as a methyltransferase,
and we propose that RQuA may instead be catalyzing a transamination
for the direct conversion Q to RQ.
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A candidate gene approach was recently used in R. rubrum to screen
for other genes that may be involved in RQ biosynthesis [34]. Gene
targets were selected using transcriptome data obtained from RNA se-
quencing of aerobically and anaerobically grown R. rubrum, using rquA
as a standard for comparison. Targets were further screened using
comparative genomic data between Rhodoferax ferrireducens and Rho-
dobacter sphaeroides, a RQ-producing and non-RQ-producing species,
respectively. Candidates were chosen that were differentially expressed
under anaerobic conditions, and had homologs in the RQ-producing
species, R. ferrireducens, but not in R. sphaeroides. Knockout mutants
were generated for each new candidate, and RQ and Q levels were
measured. No candidate was found to be as essential as rquA for RQ
biosynthesis, though two genes were found to modulate Q biosynthesis
in anoxic conditions, which had a direct effect on RQ levels (e.g. in-
creased Q production yielded higher RQ levels). This work provides
further evidence that Q is a required precursor to RQ, and RquA may be
acting alone in this conversion.

5. Conclusion

Our findings have shed new light on the RQ biosynthetic pathway in
species containing the rquA gene. Discovering that RquA uses Q as a
substrate, and catalyzes the conversion of Q to RQ, was unexpected.
The conversion of Q to RQ involves the addition of ammonia and
elimination of methanol. This reaction has been observed non-en-
zymatically in vitro [39] supporting that it could also occur in vivo. The
need to convert Q to RQ directly, despite the addition-elimination re-
action required to do so, provides hints at the demand of RQ-synthe-
sizing organisms to quickly convert the midpoint redox potential of
their electron carrying quinones in changing environmental conditions.
Future work in our laboratories will explore the mechanism of RqQuA
and its regulation in changing oxygen environments.
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doi.org/10.1016/j.bbalip.2019.05.007.
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Despite its relatively streamlined genome, there are many
important examples of regulated RNA splicing in Saccharomy-
ces cerevisiae. Here, we report a role for the chromatin remod-
eler SWI/SNF in respiration, partially via the regulation of splic-
ing. We find that a nutrient-dependent decrease in Snf2 leads to
an increase in splicing of the PT'C7 transcript. The spliced PTC7
transcript encodes a mitochondrial phosphatase regulator of
biosynthesis of coenzyme Q4 (ubiquinone or CoQ,) and a mito-
chondrial redox-active lipid essential for electron and proton
transport in respiration. Increased splicing of PTC?7 increases
CoQg levels. The increase in PTC7 splicing occurs at least in part
due to down-regulation of ribosomal protein gene expression,
leading to the redistribution of spliceosomes from this abun-
dant class of intron-containing RNAs to otherwise poorly
spliced transcripts. In contrast, a protein encoded by the non-
spliced isoform of PTC?7 represses CoQ biosynthesis. Taken
together, these findings uncover a link between Snf2 expression
and the splicing of PTC7 and establish a previously unknown
role for the SWI/SNF complex in the transition of yeast cells
from fermentative to respiratory modes of metabolism.

Similar to other eukaryotic genomes, genes in Saccharomyces
cerevisiae may be interrupted by non-coding sequences, called
introns. Introns are removed from the pre-mRNA through the
action of the spliceosome, a macromolecular machine com-
posed of five small nuclear ribonucleoproteins. The spliceo-
some recognizes consensus sequence signals on the pre-
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mRNA, termed splice sites, by which it subsequently binds to
the intron and catalyzes its removal via two transesterification
reactions (1). Pre-mRNA splicing is critical for accurate gene
expression in all eukaryotes, and there is significant evidence
that alterations in microenvironments, such as changes in the
chromatin state or chromatin-modifying factors, can affect
splicing outcomes (1). However, the mechanisms for how chro-
matin and chromatin factors influence splicing are not com-
pletely understood.

Although the genome of S. cerevisiae contains a smaller
number of introns than metazoan genomes, there are, nonethe-
less, numerous examples of intron-dependent gene regulation
(2). The largest functional class of intron-containing genes
(ICGs)* in budding yeast is ribosomal protein genes (RPGs) that
encode the protein components of the ribosome. Therefore, the
energy-intensive process of translation is under the heavy reg-
ulatory control of the spliceosome, such that splicing of RPGs
can be finely tuned to the cells’ environmental conditions and
to nutrient availability (3).

Interestingly, this enrichment of introns within RPGs
impacts the splicing of, as well as provides an opportunity for
the regulation of, other ICGs within the yeast genome. About a
third of yeast introns occur in RPGs, and the high transcription
levels of these genes means that about 90% of the intron load
encountered by the spliceosome is from this one functional
class of genes (4). Indeed, the prevalence of RPG introns func-
tions to titrate spliceosomes away from other introns, especially
those containing suboptimal splice sites. Conversely, down-
regulating RPG expression promotes the splicing of transcripts
harboring suboptimal splice sites. This effect is perhaps best
described during the process of yeast meiosis. Under conditions
of vegetative growth, a number of meiosis-specific ICGs are
expressed, but they possess suboptimal splice sites and are
therefore poorly recognized by the spliceosome and subopti-
mally spliced. However, upon the down-regulation of RPGs
during meiosis, increased availability of the previously limiting
pool of spliceosomes leads to improved splicing efficiency of
introns in meiosis-specific transcripts (5, 6).

“The abbreviations used are: ICG, intron-containing gene; RPG, ribosomal
protein gene; ns, non-spliced; s, spliced; CoQ, coenzyme Q; DMQ,, 5-deme-
thoxy-Qg 4HB, 4-hydroxybenzoic adid; HHB, 3-hexaprenyl-4-hydroxyben-
2zoic acid; qPCR, quantitative PCR; TOR, target of rapamycin.
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There are other important examples of intron-based regula-
tionin S. cerevisiae, especially among ICGs with non-consensus
splice sites (7, 8). One such gene is PTC7, which encodes a
Mg?*/Mn?*-dependent, type 2C serine/threonine protein
phosphatase (9). The intron within PTC7 is particularly
intriguing because it contains a non-consensus branch-point
sequence, rendering its splicing relatively inefficient under log-
arithmic growth conditions. The PTC7 intron lacks a prema-
ture termination codon and is translated in-frame. The longer,
non-spliced (ns) form of the PTC7 RNA encodes a longer pro-
tein (Ptc7,,) that contains a single trans-membrane helix
located near the N terminus but is otherwise identical to the
protein isoform derived from the spliced PTC7 RNA (Ptc7,).
The read-through nature of the PTC7 intron is conserved
across yeast species, indicating potential functionality for both
Ptc7, and Ptc7,,, protein isoforms (10). Ptc7,, has been local-
ized to the nuclear membrane, whereas Ptc7, is located within
mitochondria (10). Ptc7, has been implicated in regulation of
coenzyme Q (also termed ubiquinone or CoQ) biosynthesis via
its phosphatase activity (11, 12). However, mechanisms of reg-
ulation of Ptc7 itself and the role of the evolutionarily conserved
Ptc7,, isoform remain outstanding questions.

CoQ is a redox-active lipid composed of a fully substituted
benzoquinone ring and a polyisoprenoid tail and is required for
mitochondrial electron transport. The length of the polyiso-
prenoid group is species-specific; humans produce CoQ,,,
and S. cerevisiae produce CoQg, with 10 and 6 isoprene units,
respectively. The primary role of CoQ in the inner mitochon-
drial membrane is to accept the electrons from complex I and
complex II and pass those electrons to complex III. Several
other metabolic pathways, such as pyrimidine synthesis, sulfide
oxidation, and fatty acid B-oxidation, rely on CoQ as an elec-
tron carrier (13). CoQ is present in all intracellular membranes,
where it may function as a lipid-soluble antioxidant. Several
human syndromes, including encephalomyopathy, ataxia, cer-
ebellar atrophy, myopathy, and steroid-resistant nephrotic syn-
drome, are linked to primary deficiencies in CoQ biosynthesis
(14-17).

Mitochondrial proteins are responsible for facilitating the
biosynthesis of CoQy in S. cerevisiae and include Cogql-Coqll
(18). Many of the Coq proteins necessary for the biosynthesis of
CoQ associate in a high-molecular weight complex (termed
the “CoQ-synthome”), a multisubunit complex that is periph-
erally associated with the inner mitochondrial membrane on
the matrix side (18). Ptc7, has been shown to localize to the
mitochondria, where it is thought to regulate the phosphoryla-
tion state of Coq7 (11) and/or influence mitochondrial respira-
tory metabolism (12). In the former case, Ptc7s is believed to
control, at least in part, the phosphorylation state of the Coq7
polypeptide, which modulates its hydroxylase activity. Coq7
catalyzes the hydroxylation of 5-demethoxy-Q, (DMQy), the
penultimate step in the biosynthesis of CoQ, in yeast (19, 20).

The conserved SWI1/SNF complex utilizes ATP hydrolysis by
Snf2, the catalytic subunit, to disrupt specific histone-DNA
contacts, resulting in the sliding or eviction of nucleosomes
from the locus. As a result, Snf2 activity contributes to tran-
scriptional regulation (21, 22). The genome-wide distribution
of SWI/SNF is responsive to conditions of stress, and the com-

plex is required for transcription of a number of stress response
genes (23, 24). We have previously reported that levels of Snf2
change in response to nutrient conditions. We have also
reported that the change in Snf2 leads to changes in levels of
RPG transcripts, thereby regulating splicing outcomes (6).
Here, we show that changes in levels of Snf2 modulate the CoQ,
biosynthetic pathway in S. cerevisiae. First, we show that dele-
tion of Snf2 alters the relative levels of Ptc7, and Ptc7,,, isoforms
in yeast and increases both the rate of synthesis and steady-state
levels of CoQ,. This is due to down-regulation of RPG tran-
scripts and an increase in the available pool of spliceosomes.
Moreover, we find that the Snf2 protein is down-regulated over
time under batch growth conditions and nutrient depletion,
and together with a concomitant increase in the splicing of
PTC7, this leads to higher CoQy levels in preparation for the
transition from a fermentative mode of metabolism to a res-
piratory mode. Furthermore, we show that the two Ptc7
isoforms have opposing effects on the CoQ, biosynthetic
pathway, which may explain contradictory reports in the lit-
erature about the effects of Ptc7 on CoQg levels (11, 12).
Importantly, although Snf2 is down-regulated in response to
nutrient-depleted conditions, it is nonetheless required for
growth on nonfermentable carbon sources, suggesting that
dynamic control of Snf2 levels is crucial for the transition
from fermentation to respiration.

Results

Deletion of Snf2 leads to enhanced splicing of PTC7 and a shift
in the ratios of Ptc7 protein isoforms

Previously published RNA sequencing data for yeast lacking
Snf2, the core ATPase component of the SWI/SNF complex
(GEO accession number GSE94404), revealed an increase in
splicing of a number of introns (6). Satisfyingly, the greatest
improvement in splicing upon deletion of Snf2 is experienced
by RPL22B, via a previously described mechanism consistent
with down-regulation of RPG expression (25). The next two
largest improvements in splicing efficiency are experienced by
YBR062C (an ORF of unknown function) and PTC7, a previ-
ously described type 2C serine-threonine mitochondrial phos-
phatase that contains all 11 canonical motifs of the PPM family
(type 2C) protein phosphatases, previously reported to play a
role in CoQg biosynthesis in yeast (11) (Fig. 1A). This increase
in splicing of PTC7 RNA was verified by RT-PCR (Fig. 1B). In
addition, the results from the RNA-seq and RT-PCR were also
independently verified by gPCR (data not shown). It has previ-
ously been demonstrated that increased splicing of poorly rec-
ognized introns can be achieved by decreased expression of
competing, highly expressed RPGs (5). Furthermore, we have
shown that deletion of Snf2 causes en masse down-regulation of
RPGs and consequent improvement in splicing of a large num-
ber of introns (6). RPG down-regulation in the absence of Snf2
was validated by RT-PCR analysis. For example, expression of
RPS16A and RPL34B, two intron-containing RPGs, is down-
regulated in snf2A yeast compared with WT (Fig. 1C).

The PTC7 transcript makes two distinct protein isoforms,
one from the nonspliced and one from the spliced RNA. The
spliced isoform (Ptc7,) localizes to the mitochondria, whereas

264



2004
ig " o
£ 21004
't LR .
0\- 0.3 ... .‘. : » -
* <100, — — S—
10 100 1000 10000

Expressionin WT

RPS16A RPL34B

YP+Galactose, 4 days

C. RPG Levels
1 . . -wr
_§ 12 ! ' L ! " snf2)
]
@
830
@ 30
o=
2 0
L
@

YP+Acetate, 5 days

Splicing 365 62.1 399 588
EfT. (%)
»
A
D. r &
0\ (;‘\\ K |
§° Q« o
Ptc7,
Pte7,

YP+water, 5 days

Figure 1. Deletion of SNF2 enhances splicing of PTC7 and the steady-state levels of the short Ptc7 protein isoform. A, deletion of SNF2 enhances splicing
of a subset of yeast RNAs, including PTC7. The scatter plot shows changes in splicing of individual introns in snf2A yeast over WT plotted against expression in
WT. Percentage change in splicing is calculated as 100 X (S.E. in snf2A — S.E.in WT)/(S.E. in WT). PTC7 is represented by the red dot. B, expression and splicing
of PTC7 in WT and snf2A yeast with HA-tagged and untagged Ptc7. Semiquantitative analysis of splicing efficiency of PTC7 mRNA is indicated below each lane.
sCR1 served as an internal control. Gray bars, exons of the RNA; thin gray line, intron. C, RT-gPCR measurement of selected intron-containing RPG transcripts
between WT and snf2A yeast strains. Shown is the mean of three biological replicates (unpaired Student’s t test; *, p < 0.05). Error bars, S5.D. D, deletion
of SNF2 affects steady-state levels of HA-tagged Ptc7 proteins. Proteins derived from the nonspliced and spliced forms of the PTC7-HA RNA are denoted
as Ptc7,,HA and Ptc7 HA, respectively. Pgk1 (phosphoglycerate kinase 1) served as a loading control. E, serial dilutions (5-fold) of WT BY4741, snf2A, and
c0q2A (negative respiratory-deficient control; W303 background, because the deletion is unstable in the BY background) on YP agar plates with the

indicated carbon sources.

the nonspliced isoform (Ptc7,,) has been reported to localize to
the nuclear envelope (10). The PTC7 gene was endogenously
HA-tagged, and Western blot analysis demonstrated that dele-
tion of Snf2 leads to an increase in the levels of Ptc7, compared
with Ptc7,,, (Fig. 1D). It is noteworthy that the increase in the
ratio of Ptc7,/Ptc7,,, polypeptides in the WT and snf2A cells
appears to be greater than the increased ratio of spliced/un-
spliced RNA.

It has previously been demonstrated that yeast strains lack-
ing Snf2 fail to grow on non-fermentable carbon sources, such
as glycerol or acetate (26). However, snf2A mutants frequently
incur secondary mutations, and the growth of such strains can
resemble WT. Therefore, growth on fermentable and non-fer-
mentable carbon sources was used as a quality control for the
assessment of the bona fide phenotype (24) of snf2A prior to
each experiment (Fig. 1E).

Deletion of Snf2 leads to increased CoQ, synthesis in yeast and
improves the flux from DMQ, to CoQ,

Ptc7, has previously been described as playing a role in reg-
ulating CoQy synthesis in S. cerevisiae (11). A schematic of the
entire CoQ, biosynthetic pathway with 4-hydroxybenzoic acid as
the ring precursor and the role of Ptc7 is detailed in Fig. 24. Ptc7, is
thought to enhance CoQy biosynthesis via its activation of Coq7
and subsequent catalysis of the hydroxylation of DMQ, the penul-
timate step of CoQ, biosynthesis (Fig. 2B) (11, 27).

13C,-Labeled 4-hydroxybenzoic acid (**C¢-4HB), a ring pre-
cursor for Q biosynthesis, was used to determine the levels of
13C,-CoQ biosynthesis in WT versus snf2A yeast grown to
similar culture densities. The absence of Snf2 causes increased
steady-state levels of CoQ, and increased de novo biogenesis of
3C¢-CoQ, (Fig. 34). Additionally, there are significant changes
in the levels of de novo synthesized DMQ,, as well as 3-hexa-
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prenyl-4-hydroxybenzoic acid (HHB), an early CoQ, biosyn-
thetic intermediate (Fig. 3, B and D). Consistent with the
increased synthesis of CoQ, being a consequence of Ptc7
action, the snf2A yeast show significantly lower ratios of *C,-
DMQ;, level to *C,-CoQ, content, indicating a significant
increase in the efficiency of conversion of DMQ, to CoQ,,
namely the step catalyzed by Coq7, a target of Ptc7, (Fig. 3C)
(11). Strikingly, we also observe that the levels of both steady-
state and de novo synthesized HHB are significantly lower in
snf2A than in the WT yeast (Fig. 3D). This suggests that the
deletion of Snf2 not only causes higher CoQ, production by

regulating catalysis from DMQ, but that it also funnels the early
precursors more efficiently than WT, thus allowing a more
streamlined conversion of intermediates of the pathway to the
overall product of CoQg. This is reinforced by the observation
that snf2A yeast show significantly lower ratios of *C.-HHB to
13C4-CoQ; content (Fig. 3E).

Depletion of Snf2 during batch growth is associated with
increased PTC7 splicing and increased CoQ, production

Because snf2A yeast have a significantly slower growth rate
than WT, we considered the possibility that the increased CoQ,
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A, levels of steady-state CoQ, ('?C-CoQj, blue bars) and de novo synthesized CoQ; ("*C-CoQ,, orange bars) were determined in WT and snf2A yeast. '*C.4HB

was added during midlog phase (A, = 0.5), and labeling was allowed to proceed until a cell density of A, ~1.75 was reached by both strains. '*C-CoQ, and
'3C,-CoQ, present in yeast cell pellets were quantified by HPLC-MS/MS, as described under “Experimental procedures.” Error bars, S.D. of n = 3 biological
replicates (unpaired Student’s t test between corresponding bars for snf2A and WT; **, p < 0.005; ***, p < 0.0005). 8, levels of steady-state (' *C-DMQ, blue bars)
and de novo synthesized DMQ, ("*C,-DMQ,, orange bars) were determined in WT and snf2A yeast. DMQ, was determined from the same cultures as in A. Error
bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for snf2A and WT; *, p < 0.05). , ratios of "*C.-DMQ,/"*C.-CoQ,
in WT and snf2A yeast, depicting flux of conversion of '*C.-DMQ, to "*C.-CoQ,. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between
corresponding bars for snf2A and WT; ****, p < 0.00005). D, levels of steady-state HHB ('>C-HHB, blue bars) and de novo synthesized HHB (>C,-HHB, orange bars)
were determined in WT and snf2A yeast. HHB was determined from the same cultures as in A. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s
ttest between corresponding bars for snf2A and WT; *, p < 0.05; **, p < 0.005). E, ratios of "*C-HHB/"*C-CoQ, in WT and snf2A yeast, depicting flux of conversion
of '*C¢-HHBto "*C4-CoQg. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for snf2A and WT; ****,p <

0.00005).

synthesis was a consequence of the increased time in culture
required to achieve equal cell density. To address this, rates of
CoQg biosynthesis in WT and snf2A yeast were determined at
timed intervals of culture. First, measurements of steady-state
and de novo synthesis rates of CoQg between 2 and 12 h of batch
growth in YPD revealed that whereas there is indeed an
increased rate of synthesis in the snf2A yeast strain, the steady-
state levels of CoQ plateau within 46 h of labeling (Fig. 44).
We also observe decreasing levels of Snf2 as the time course
progresses and nutrients are depleted (Fig. 4B). Consistent with
the role of Snf2 in RPG transcription, RPG levels decrease with
time in batch cultures of yeast, in a manner that tracks well
with decreasing levels of Snf2 (Fig. 4C). This decrease also coin-
cides with a concomitant increase in the splicing of PTC7 (Fig.
4, D and E). Notably, splicing of the PTC7 transcript in snf2A
yeast starts off higher than in WT yeast, but as Snf2 is depleted

from the WT strain, splicing of the PTC7 transcript approaches
the levels of splicing in the snf2A strain (Fig. 4F).

To better understand the kinetics of CoQ, synthesis, a
shorter time course was performed to capture points preceding
the plateau, between 0 and 5 h of labeling. Within 4 h after
labeling with *C-4HB precursor, significant down-regulation
in the levels of Snf2 protein is evident (Fig. 54). The decrease in
the level of Snf2 protein is mirrored in the increase in splicing
efficiency of PTC7 transcript in the WT strain (Fig. 5, B-E). Itis
interesting to note that the PTC7 transcript is initially better
spliced in the snf2A strain than in WT, but as the levels of Snf2
in the WT yeast decrease, splicing improves to a degree com-
parable with the snf2A strain (Fig. 5, D and compare C and F).

Additionally, there is a striking increase in the overall CoQ,
product and its de novo biosynthesis in the snf2A yeast within
0-5 h of labeling, as compared with CoQ, levels of the WT
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during the same time course (Fig. 6, compare A and F). Further-
more, the gradual increase in CoQg biosynthesis observed in
the WT strain plateaus at 3—4 h after labeling (Fig. 64), by
which point the significant down-regulation in the levels of
Snf2 protein is also evident (Fig. 5A4). The steady-state and de
novo synthesized levels of DMQ, and HHB were also measured
in the 5-h time course of W'T and snf2A yeast (Fig. 6, B, C, G, and
H). Strikingly, the conversion of de novo DMQg to CoQg
increases (as shown by the decreased ratio of "*C,-DMQ, to
13C,-CoQg) in a manner concurrent with the decrease in Snf2
levels and increase in PTC7 splicing in WT (compare Fig. 6D
with Fig. 5 (A and B)). In fact, as the levels of Snf2 in WT
yeast decrease, the conversion efficiency of DMQ, to CoQ,
approaches the low ratio of DMQ, to CoQg in snf2A yeast (Fig.
6, compare D and /). The role of Ptc7, in the increased synthesis
of CoQy in the absence of Snf2 can be inferred from the obser-
vation that whereas the conversion efficiency from DMQ, to
CoQ is higher in the absence of Snf2, the level of DMQ itself
does not change appreciably between WT and snf2A yeast over
the 5-h time course (Fig. 6, compare B and G). However, the
snf2A cells also show significantly lower rates of HHB synthesis
(Fig. 6, compare Cand H), as well as lower ratios of 3C,-HHBto
13C,-CoQ, content (Fig. 6, compare E and J), consistent with

the observation that deletion of Snf2 markedly accelerates the

synthesis of CoQg, presumably by expediting the conversion of
these intermediates to the final product.

RPG down-regulation in general leads to increased PTC7
splicing

Our previous work showed that Snf2-dependent down-reg-
ulation of ribosomal protein genes enhances splicing, particu-
larly of genes with nonconsensus splice sites. To determine
whether the observed increase in PTC7 splicing is a conse-
quence of RPG down-regulation per se, rapamycin was used to
inhibit target of rapamycin (TOR)-dependent RPG transcrip-
tion in a Snf2-independent manner (28) (Fig. 7A). It has also
been previously published that rapamycin mitigates certain
mitochondrial disorders in Drosophila and improves lifespan in
response to TOR inhibition, purportedly by modulating carbon
metabolism (29). In our work, rapamycin treatment led to a
significant increase in the splicing of the PTC7 transcript (Fig.
7, B and C). As previously observed, the change in the ratio of
Ptc7,/Ptc7,,, protein (Fig. 1D) is greater than the change in the
ratio of spliced to nonspliced transcript upon the deletion of
Snf2 (Fig. 1B). This suggests that whereas Snf2-dependent RPG
down-regulation changes the splicing of the PTC7 transcript,
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there are probably additional layers of gene regulation that con-
trol the relative levels of the Ptc7, and Ptc7,,, protein isoforms.
Experiments probing these mechanisms are currently ongoing.
Nonetheless, these results are consistent with a model whereby
down-regulation of RPG expression redirects spliceosomes
from these abundant transcripts to otherwise poorly spliced
transcripts, such as PTC7 (5, 6). In light of the role of Snf2 in
RPG expression, changes in Snf2 levels allow fine-tuning of
splicing in response to the cell's metabolic needs.

Ptc7 isoforms have differing and opposing effects on CoQ,
synthesis

The predicted structures of the two isoforms of Ptc7, Ptc7,
and Ptc7, , have been modeled (Fig. 8, A and B). In fact, the
Ptc7,, contains a transmembrane helix, encoded for by the
PTC7 intron, which is capable of spanning the nuclear mem-
brane. Overall, the presence of this transmembrane helix is not
predicted to influence the folding of the rest of the protein, thus
potentially retaining its phosphatase activity (Fig. 8).

To determine the effect of each Ptc7 isoform on CoQ, syn-
thesis, we assayed CoQ levels in cells expressing both forms of
Ptc7, Ptc7, only, Ptc7 , only, or neither (ptc7A). As reported
previously, there is no significant change in CoQg synthesis
levels in the ptc7A mutant (12, 30). However, exclusive expres-
sion of Ptc7, leads to an increase in CoQg synthesis, whereas
exclusive expression of Ptc7, leads to a decrease in CoQ syn-
thesis (Fig. 94). The relative RNA levels from each strain are
shown (Fig. 9B). Moreover, there are no significant changes

observed in the protein levels of Snf2 or Coq7, the target of Ptc7
activity (Fig. 9C), in these strains. Whereas each of these iso-
forms was expressed within the endogenous context and from
the endogenous PTC7 promoter, protein levels of the Ptc7,,
appeared to be increased relative to the other isoforms (Fig. 9, B
and C), perhaps due to a cellular feedback mechanism that
increases expression or enhances stability of Ptc7,,..

The steady-state and de novo synthesized levels of CoQ, were
also measured in a 5-h time course with the yeast strains
expressing either Ptc7__ or Ptc7_. Both steady-state and de novo
CoQ biosynthesis are significantly lower in Ptc7__ strain than
in the Ptc7, and in fact appear to be actively repressed, suggest-
ing that the two isoforms of Ptc7 have differing and opposing
effects on CoQg biosynthesis (Fig. 9D). In addition, the exclu-
sive presence of Ptc7, causes increased de novo biogenesis of
13C-CoQ as compared with the exclusive presence Ptc7, (Fig.
9D). Whereas the positive effect of Ptc7, on CoQ, biosynthesis
is consistent with the mechanisms of Ptc7 action described pre-
viously, it is clear that Ptc7, has a repressive effect on CoQg
biosynthesis (compare Ptc7_, and ptc7A in Fig. 9A). To begin to
elucidate the mechanism of this repression, we assayed the
mRNA transcript levels of genes encoding components of the
CoQy biosynthetic complex (viz. COQI-1I and PTC7). On
average, there is little change in the expression of the complex
upon deletion of Snf2 (Fig. 9, G and H) or with the exclusive
expression of Ptc7, or ptc7A. However, exclusive expression of
Ptc7,, is associated with pronounced down-regulation of every

269



- A RN WD BN

CoQg levels

0 1 2 3 3 S

WT : Hours of growth

B. ¥ DMQ, levels
Q L _CHy
o £ X
% 2d weo” v e
-
3"
o«
04
0 1 2 3 a H
c WT : Hours of growth
0.8+ v HHB levels
8
3 06 a
5,
>
=
® 0.24
o«
0.04
1 2 3 - S
D WT : Hours of growth
P 051 1C.DMQy/MC-CoQ; ratios
8 0.44
g 0.34
s 0.24
8 0.14
0.04
1 2 3 4 S
£ WT : Hours of growth
0.18 13C-HHB /"*C-CoQ, ratios
d
o
Q 0.101
4
=
go.oo-
4
~ 0.004

1 S

2 3 N
WT : Hours of growth

(=]l

B3 5C.oM0,

3 HHB
B3 C HHB

270

LS

-, B N

G.

»

Relative pmol/OD

el
4

4
L 4

°
;

Relative pmol/OD
o
®

ol
4

e o o o
b o o

=1
-
A

1C.DMQ,/C-CoQ,

°
4

-

b
-
o
e

Lo
A

13C-HHB /"C-CoQ,

1 2 3 4 s
snf2A: Hours of growth
. HHB levels

I

© 1 2 3 &4 s
snf2A: Hours of growth

1C-DMQy/C-CoQ; ratios

2 3 -
snf2): Hours of growth

3C-HHB /"*C-CoQ; ratios

1 S

1 2 3

s

1 2 3 4 5 o )
snf2\: Hours of growth



°

T

hpn'-ydn

Figure 7. RPG down-regulation and redistribution of spliceosomes result in increased PTC7 splicing. A, RT-gPCR measurement of selected intron-

containing RPG transcripts b WTyeastt

d with rapamycin and a vehicle control. Mean of three biological replicates (unpaired Student’s ttest, **p <
0.005). Error bars, S.D. B, expression and splicing of PTC7 in WT yeast treated with rapamycin and a vehicle control (DMSO). PCR products i

ng the

representi
spliced and nonspliced forms are indicated. C, quantification of three independent biological replicates of B (unpaired Student’s t test; ***, p < 0.0005). Error

bars, SD.

member of the CoQ-synthome (Fig. 9, E and F). Although the
mechanism by which these components are down-regulated
is unclear, it is interesting that Ptc7 , has previously been
localized to the nuclear membrane (10), hinting at a novel
role for this isoform in expression of the RNAs encoding the
CoQ-synthome. Two possible mechanisms by which nucle-
us-localized Ptc7,, may affect synthesis of the CoQ-syn-
thome are via direct action on nucleus-localized Coq7 or via
indirect effects on gene expression. It is important to men-
tion here that to the best of our knowledge, no reports have
demonstrated nuclear localization of, or a nuclear role for,
Coq7 in S. cerevisiae.

Interestingly, yeast strains engineered to express either Ptc7,_
or Ptc7,,, still retain the ability to grow on medium containing a
non-fermentable carbon source, as do ptc7A null mutants (data
not shown). This is consistent with our prior observations that
~1-10% of CoQ, levels are sufficient for comparable growth on
medium containing a nonfermentable carbon source. It has

been postulated that residual CoQ levels are observed due to
the overlapping activities of Ptc5 and/or Ptc6, and in fact the
ptcSAptc7A double null mutant has impaired growth under
conditions of temperature stress (11, 31). It is also worth noting
that unlike the deletion of SNF2, the conversion efficiencies or
ratios between the early components of the pathway (DMQ, or
HHB) and CoQ, do not vary between strains exclusively
expressing either Ptc7 isoform (Fig. 10, C and D). This is
because although there are significant changes in the levels of
de novo synthesized DMQ, as well as HHB when comparing
Ptc7, to Ptc7 , (Fig. 10, A and B), Ptc7, is synthesizing higher
levels of de novo CoQg, DMQ,, and HHB, compared with over-
all lower levels of these same lipids in Ptc7_, (Fig. 10, Cand D).
Thus, the overall conversion efficiencies (ratios) between both
isoforms are comparable (Fig. 10, C and D). This is consistent
with our interpretation that the absence of Snf2 contributes to
the metabolic state of the cell in other ways in addition to its
role in regulation of the Ptc7 isoforms.

Figure 6. Overall conversion efficiency of the CoQ, b

with increased conversions of both DMQ,

iosynthetic pathway increases upon depletion of Snf2,
to Q, and HHB to Q. A, levels of steady-state CoQ, ('*C-CoQs, blue bars) and de novo synthesized CoQ. ("*C.-CoQs, orange bars) in WT yeast cells were

determined at the designated hours after labeling with "*C,-4HB. Error bars, S.D. of n = 3 biological replicates. B, levels of steady-state

DMQ, (*2C-DMQ,, biue

bars) and de novo synthesized DMQ; ('*C4-DMQg, orange bars) in WT yeast were determined at the designated hours after labeling with ">C-4HB. Error bars, S.D.
of n = 3 biological replicates. C, levels of steady-state HHB (' °C-HHB, blue bars) and de novo synthesized ('*C.-HHB, orange bars) in WT and snf2A yeast were
determined at the designated hours after labeling with "*C,-4HB. Error bars, S.D. of n = 3 biological replicates. D, the ratio of "*C,-DMQ,/"*C_-CoQ, in WT yeast
was determined at the designated hours after labeling with '>C.-4HB. Error bars, S.D. of n = 3 biological replicates. The 0-h time point is excluded, because the
ratio is not indicative of pathway conversion. E, the ratio of "*C.-HHB/"*C,-CoQ, in WT yeast was determined at the designated hours after labeling with
3C4-4HB. Error bars, S.D. of n = 3 biological replicates. The 0-h time point is excluded, because the ratio is not indicative of pathway conversion. F, levels of
steady-state CoQ, ('?C-CoQg, blue bars) and de novo synthesized ('>C,-CoQ,, orange bars) in snf2A yeast cells were determined at the designated hours after
labeling with '*C,-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for snf2A and WT in A; *, p < 0.05; *%,
p < 0.005; ***, p < 0.0005). G, levels of steady-state DMQ, ('*’C-DMQ,, blue bars) and de novo synthesized DMQ, ("*C.-DMQ,, orange bars) in snf2A yeast were
determined at the designated hours after labeling with *C¢-4HB. Error bars, S.D. of n = 3 biological replicates. (unpaired Student’s t test between corresponding
bars for snf2A and WT in 8; *, p < 0.05). H, levels of steady-state HHB (' “C-HHB, biue bars) and de novo synthesized HHB ("*C-HHB, orange bars) in snf2A yeast
were determined at the designated hours after labeling with '>C-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between
corresponding bars for snf2A and WT in G; *, p < 0.05;**, p < 0.005; ***, p < 0.0005). J, the ratio of "*C,-DMQ,/"*C-CoQ, in snf2A yeast cells was determined at
the designated hours after labeling with '*C,-4HB. Error bars, 5.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for snf2A
and WTin D; *, p < 0.05; **, p < 0.005; ***, p < 0.0005). The 0-h time point is excluded, because the ratio is not indicative of pathway conversion. J, the ratio of
3C4-HHB/ " C,-CoQ, in snf2A yeast cells was determined at the designated hours after labeling with "*C-4HB. Error bars, S.D. of n = 3 biological replicates
(unpaired Student’s t test between corresponding bars for snf2A and WT in E; *, p < 0.05; **, p < 0.005). The 0-h time point is excluded, because the ratio is not
indicative of pathway conversion.
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brane traversing Ptc7,,,. A, PHYRE2 homology modeling of mature mito-
chondrial Ptc7,, which is experimentally determined to start at amino acid
Gly*® (46). 85% of residues modeled at >90% confidence (15% of residues
modeled ab initio). The N terminus and C terminus of the protein are shown.
8, PHYRE2 homology modeling of nuclear membrane Ptc7,... The predicted
trans-membrane helix encoded by the intron is shown in cyan. 86% of resi-
dues modeled at >90% confidence (14% of residues modeled ab initio. To
show the interaction with the nuclear membrane, the N-terminal loop resid-
ing on the one side of the nuclear membrane is proposed to be linked to the
modeled transmembrane helix, which is then proposed to be linked to the
rest of the Ptc7 protein that is predicted to reside on the alternate side of
the nuclear membrane. The nine black dashes connecting the helix to the
larger portion of the protein represent nine amino acids in the intron that
were in an unmodeled region.

These data reveal a novel role for Snf2 in respiration and
specifically in the transition from a largely fermentative mode
of metabolism to a largely respiratory one in S. cerevisiae, as
shown by the model in Fig. 11. Under conditions of high nutri-
ent availability, Snf2-dependent transcription of intron-rich
RPGs sequesters spliceosomes away from transcripts with weak
splice sites, such as PTC7. As a consequence, both isoforms of
the Ptc7 protein are expressed at appreciable levels, and their
opposing effects on CoQ, synthesis ensure that CoQy is main-
tained at a relatively low level. As the nutrients in the medium
are depleted, the levels of Snf2 and, consequently, RPG tran-
scripts, decrease concurrently, freeing up spliceosomes to act
on PTC7. This leads to better splicing of PTC7 and a shift in the
relative abundances of the two protein isoforms, which eventu-
ally leads to an increase in CoQg synthesis.

Whereas it has been broadly acknowledged that chromatin
states and chromatin factors influence splicing outcomes in

various organisms, identifying the functional importance of
such regulation under biologically relevant conditions remains
achallenge. We have shown previously that down-regulation
of Snf2, the core ATPase component of the SWI/SNF chro-
matin-remodeling complex, in response to nutrient deple-
tion leads to a change in cellular splicing outcomes due to
down-regulation of RPGs and subsequent redistribution of
spliceosomes (5, 6). We show here that Snf2-dependent
changes in splicing of PT'C7 during yeast growth, combined
with the general conditions in the cell in the absence of Snf2,
causes a shift in the ratio of two distinct isoforms of the Ptc7
protein that have distinct and opposing effects on CoQg bio-
synthesis. This change in the ratio of the isoforms is concom-
itant with an increase in CoQg levels in the cell, preparing for
the transition from a largely fermentative to a respiratory
mode of metabolism.

Previous studies have presented contradictory evidence
regarding the involvement of PTC7 in CoQg biosynthesis. Ptc7
is required for the dephosphorylation of Coq7, thus transition-
ing Coq7 to its “active” form, which is able to catalyze the penul-
timate step of the CoQ, pathway. This led to the prediction that
the ptc7A strain would demonstrate decreased CoQ, synthesis,
as assayed by quantification of lipids from purified mitochon-
dria (11). Surprisingly, although Ptc7 supports general respira-
tory function, the absence of PTC7 does not lead to a deficiency
in CoQ levels, as assayed in lipid extracts of whole cells (12)
(Fig. 9A). The studies here help to resolve this apparent contra-
diction. Studies with the ptc7A cells fail to address the opposing
roles that the two Ptc7 isoforms have in the cell under WT
conditions. Only cells with the capacity to express both Ptc7,
and Ptc7,, can accurately reflect the full extent of Ptc7 function.
We demonstrate that exclusive expression of Ptc7__ has a sig-
nificant repressive effect on CoQg biosynthesis (Fig.9,A and D).
Notably, the rates of conversions from precursors in the path-
way to the final product remained unchanged, indicating down-
regulation of the entire pathway (Fig. 10, C and D). Consistent
with this, we observe down-regulation of almost all of the com-
ponents of the CoQ, biosynthetic complex upon exclusive
expression of Ptc7,,, (Fig. 9F). The mechanism by which Ptc7,,
affects RNA expression is as yet unknown, and investigations to
understand the same are ongoing.

PTC7is not the only known example of a gene in S. cerevisiae
encoding functional proteins from both the nonspliced
pre-mRNA as well as the “mature” spliced mRNA (10). We
recently reported translation of unspliced GCRI pre-mRNA
leading to a functional Gerl protein, although in this case,
translation starts from within the retained intron (7). Whereas
the read-through nature of the intron is conserved across most
Saccharomycetaceae species, the intron is excised in the same
species (analysis of publicly available RNA-seq data sets; data
not shown), rendering it likely that both forms of the protein are
necessary and functional. This is illustrated in the case of Tet-
rapisispora blattae, which, like S. cerevisiae, underwent a whole
genome duplication event; but unlike S. cerevisiae, which lost
the duplications of most of its genes, T. blattae retains two cop-
ies of the PTC7 gene. Interestingly, the two PTC7 genes in
T. blattae subfunctionalized into a gene that encodes a mito-
chondrial PP2C (Ptc7,, from a spliced transcript of PTC7b con-
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Figure 9. Ptc7 isoforms have differing and opposing effects on CoQ, synthesis. A, levels of steady-state CoQ, (' ’C-CoQ,, blue bars) and de novo synthesized
CoQs ("*C4-CoQ,, orange bars) in strains expressing distinct Ptc7 isoforms (PTC7,HA, genomic, both isoforms expressed; PTC7,HA, exclusively expresses the
isoform from spliced mRNA; PTC7,,,HA, exclusively expresses the isoform from nonspliced pre-mRNA) and ptc7A. Labeling with “*C.-4HB was allowed to
proceed for 3 h. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test; *, p < 0.05). B, expression and splicing of PTC7 for samples corresponding
to A. PCR products representing the spliced and nonspliced forms are indicated. C, steady-state levels of HA-tagged Ptc7 proteins were determined by
immunoblotting for samples corresponding to A. Proteins derived from the nonspliced and spliced forms of the PTC7 RNA are denoted as Ptc7,,, and Ptc7.,
respectively. Pgk1 (phosphoglycerate kinase 1) served as a loading control. Immunoblots for Snf2 and Coq7 are also included. D, levels of steady-state
("*C-CoQy, blue bars) and de novo synthesized ("*C4-CoQy, orange bars) CoQs in PTC7,HA and PTC7,,.HA yeast cells were determined at the designated hours
after labeling with '*C.-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for PTC7,HA and PTC7, HA; *,
p < 0.05;**, p < 0.005). £, RT-qPCR measurement of COQ1-COQ11 and PTC7 transcript levels between strains expressing different Ptc7 isoforms (PTC7_HA,
genomic, both isoforms expressed; PTC7.HA, exclusively expresses the isoform from spliced mRNA; PTC7,.HA, exclusively expresses the isoform from non-
spliced pre-mRNA) and ptc7A. Shown is the mean of three biological replicates. Error bars, S.D. F, summary analysis of transcript levels of Q-biosynthetic factors
from E. G, RT-gPCR measurement of COQ1-COQ11 and PTC7 transcript levels between WT and snf2A yeast. Shown is the mean of three biological replicates.

Error bars, S.D. H, summary analysis of transcript levels of Q-biosynthetic factors from G.

taining a stop codon within its intron) and a second gene encod-
ing a PP2C predicted to localize to the nuclear envelope (Ptc7,,
from an nonspliced transcript of PTC7a (32). This conservation
further suggests that both protein isoforms derived from the
PTC?7 transcript in S. cerevisiae are functional. Cells lacking
Ptc7,, show increased sensitivity to latrunculin A treatment,
compared with strains expressing both isoforms of Ptc7 or lack-
ing Ptc7, (10). Such sensitivity might suggest a distinct role for
Ptc7,,, in actin filament formation.

It is noteworthy that nuclear roles for numerous metabolic
enzymes have been described previously. The ability of meta-
bolic enzymes to “moonlight” in the nucleus, affecting gene

regulation at various steps, appears to be crucial for the ability
of cells to sense and adapt to their potentially distinct nutrient
environments (33). Numerous mitochondrial enzymes, such
as succinate dehydrogenase, fumarase, aconitase, and malate
dehydrogenase (all components of the Krebs cycle), have been
shown to have significant nuclear roles in the regulation of gene
expression (34-38). In some of these cases, enzymatic activity
of these enzymes has been shown to be crucial to their nuclear
roles (39). This precedence, combined with the evolutionarily
conserved presence of an isoform of Ptc7 in the nuclear mem-
brane, raises the possibility that a nucleus-localized phospha-
tase is crucial to regulation of components of the CoQ, biosyn-

273



HHB levels

0123435
PTCINA

01 2345
PTCT NA

C-HHB /C-CoQ ratios

1 2 3 4 5 1 2 3 4 5 ) i 2 3 4 3
PTCTHA PTCT HA PTCT MA PTCT MA

Figure 10. Exclusive expression of Ptc7 isoforms dramatically alters levels of CoQ, biosynthetic pathway intermediates DMQ, and HHB, yet overall
conversion efficiency between both isoforms is comparable. 4, levels of steady-state DMQ, ('*C-DMQ,, blue bars) and de novo synthesized DMQ, (“C,-
DMQ,, orange bars) in PTC7,HA and PTC7,HA yeast cells were determined at the designated hours after labeling with '*C.4HB. Error bars, SD.of n = 3
biological replicates (unpaired Student’s t test between corresponding bars for PTC7 HA and PTC7,_ HA; *, p < 0.05; **, p < 0.005; ***, p < 0.0005). 8, levels of
steady-state HHB ('?C-HHB, biue bars) and de novo synthesized HHB ('>C,-HHB, orange bars) in PTC7,HA and PTC7, HA yeast cells were determined at the
designated hours after labeling with "*C¢-4HB. Error bars, S.D. of n = 3 biological replicates (unpaired Student’s t test between corresponding bars for PTC7 HA
and PTC7,,,HA; *, p < 0.05; **, p < 0.005). C, ratio of "*C,-DMQ,/"*Cs-CoQ, in PTC7,HA and PTC7,,,HA yeast cells were determined at the designated hours after
labeling with '>C¢-4HB. Ratios were derived from levels of '>C,-CoQq, as shown in Fig. 7D. Error bars, S.D. of n = 3 biological replicates. The 0-h time point is
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designated hours after labeling with '>C,-4HB. Ratios were derived from levels of '*C,-CoQ, 2s shown in Fig. 7D. Error bars, S.D. of n = 3 biological replicates.

The 0-h time point is excluded, because the ratio is not indicative of pathway conversion.

thetic pathway. Intriguingly, CLK-1 and COQ7, the C. elegans
and human homologs of Coq7, which is a target for Ptc7 in
S. cerevisiae (11), have been demonstrated to localize to the
nucleus and are postulated to have roles independent of CoQ
biosynthesis (40). COQ7 has also been shown to associate with
chromatin in HeLa cells (40), although recently this has been
attributed to a transformed cell phenomenon (41). Whereas
nuclear localization of Coq7 in S. cerevisiae has not been dem-
onstrated, we suggest a potential role in nuclear gene regulation
for Ptc7 via phosphatase activity on Coq7 or other unidentified
targets, including conventionally nuclear and other “moon-
lighting” mitochondrial enzymes.

It is also possible that Ptc7 has a substrate other than Coq7
that affects expression of the CoQg-synthome. In fact, a recent
study identified with high confidence numerous differentially
phosphorylated proteins in a ptc7A strain (12). Notably, this
proteomic analysis does not distinguish between the potential
effects of the two Ptc7 isoforms globally. In fact, rescue using
plasmid-based expression of PTC7 (full-length) does not
restore dephosphorylation levels for a number of nuclear pro-
teins, although the increased phosphorylation of mitochondrial
proteins upon deletion of PTC7 is almost completely reversed
by exogenous expression of Ptc7 (12). Furthermore, it is possi-
ble that the mitochondrial role for Ptc7, is in fact covered by
multiple redundancies. Ptc5 and Ptc6, two other PP2C protein
phosphatases, also localize to the mitochondrial membrane,
and PTCS demonstrates a negative genetic interaction with

PTC7, indicating the possibility of overlapping functions
(11, 31).

Interestingly, the effect of Snf2 deletion on CoQ, biosynthe-
sis does not perfectly mirror the exclusive expression of Ptc7..
We postulate that this is partially due to the Snf2 affecting the
flux of the entire CoQj biosynthetic pathway, as demonstrated
by the increased conversion of early precursors. Whereas dele-
tion of Snf2 does not, on average, change the expression of the
components of the CoQ,-synthome (Fig. 9, G and H), it is pos-
sible the Snf2 may have other effects of CoQ, flux. We are
exploring these possibilities.

Intriguingly, although the absence of Snf2 enhances levels of
CoQ,, yeast strains lacking Snf2 have a severe growth defect on
non-fermentable carbon sources, such as glycerol or acetate
(26) (Fig. 1E). However, Snf2 protein is undetectable by immu-
noblotting during growth in medium containing glycerol or
acetate as the only carbon source (data not shown). This leads
us to hypothesize that before Snf2 protein is down-regulated in
response to glucose depletion, it is required for the transition
from a fermentative metabolic state to one that is predomi-
nantly respiratory in nature. The molecular details of the
requirement for Snf2 in this transition are the subject of ongo-
ing investigation. However, it is probably at least in part due to
its reported role in the activation (de-repression) of genes
whose transcription had previously been subject to glucose-
mediated catabolite repression. This activation occurs once the
glucose has been depleted or the yeast have been shifted to a
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A. Snf2 regulates the relative abundance of Ptc7 isoforms to control CoQ, synthesis.
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Figure 11. Model for a novel role for Snf2 in respiration, and in the transition from a primarily fermentative mode of metabolism to a primarily
respiratory mode of metabolism. A, during S. cerevisiae batch growth, the abundance of Snf2 decreases in conjunction with depletion of nutrients in
the medium. RPGs under the control of Snf2 are down-regulated, allowing redistribution of spliceosomes to other poorly spliced transcripts. Splicing of
the PTC7 transcript increases, enhancing the ratio of Ptc7,/Ptc7 ., and overall levels of Ptc7,. These changes in Ptc7 isoform levels lead to increased
conversion of DMQ, and increased synthesis of CoQ,. The darker arrow represents a greater effect or reaction conversion, whereas a lighter arrow
represents a smaller effect or reaction conversion. B, Ptc7,,, has a repressive effect on CoQ, biosynthesis. CoQ, levels are low or high, depending on the
levels of the Ptc7,,, isoform relative to Ptc7.,. Similar to A, darker arrows and bars denote a larger effect, whereas lighter arrows and bars denote a smaller

effect.

different, non-fermentable carbon source (26). We postulate
that once the gene expression profile required for adaptation to
the new nutrient environment has been initiated and/or estab-
lished, the requirement for Snf2 is relieved, and in fact, the
down-regulation of Snf2 enhances splicing of PTC7. This tran-
sient requirement for Snf2 bears striking similarities to a previ-
ous report detailing the role of Snf2 in reversing Ume6-medi-
ated repression at certain meiotic genes early in meiosis, before
it is itself down-regulated to enable splicing of meiotic tran-
scripts (6).

This work reveals a mechanism by which SWI/SNF actsasa
nexus point in the fermentation-respiratory transition in
S. cerevisiae. We also demonstrate opposing effects of isoforms
of a single gene, PTC7, on the process of CoQ, biosynthesis, via
distinct mechanisms. Numerous aspects of these mechanisms
remain to be studied, as well as their potential roles in the gene
regulation response to other physiological conditions that yeast
might experience.

Experimental procedures
Yeast strains and culture conditions

The yeast strains used in this study are listed in Table 1. All
strains except W303Acoq2 are derived from the BY back-
ground. Yeast strains were grown in YPD (1% yeast extract, 2%
peptone, 2% dextrose) medium at 30 °C. Snf2 and Ptc7 null
strains were maintained with a backup expression plasmid
(pRS316 backbone harboring either SNF2 or PT'C7). The plas-
mid was shuffled out by growth on 5-fluoroorotic acid before
using the strains in experiments. Strains with tagged iso-
forms of Ptc7 were a kind gift from Dr. Ron Davis (10). These
strains were back-crossed against WT or snf2A strains, and
daughter strains used for this study are listed in Table 1. The
snf2A strain was observed to spontaneously mutate if grown
on YPD for longer than 7-8 days, acquiring suppressor
mutations that made it difficult to distinguish from WT.
Hence, for all experiments with snf24, the plasmid contain-
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Table 1
Genotype and source of yeast strains

Strain number Name Genotype Source/reference
TY6724 wT MATa his3A leu2A LYS2 met15A ura3A Ref. 6

TJY6727 snf2A MATa his3A leu2A ura3A snf2A:NatMX Ref. 6

TIY7114 PTC7 HA MATa his3A leu2A ura3A PTC7 HA:KanMX This study
TJY7115 snf2APTC7 HA MATa his3A leu2A ura3A snf2A:NatMX PTC7 HA:KanMX This study
W303Acog2 coq2A MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 cog2:HIS3 Ref. 47

TJY7116 PTC7 HA MATa his3A leu2A ura3A PTC7 HA:KanMX This study
TJY7118 PTC7, HA MATa his3A leu2A ura3A PTC7, HA:KanMX This study
TJY7142 pte7A MATa his3A leu2A ura3A pte7M:KanMX This study
BY4741Ac0q9 coq9A MATa his3A0 leu2A0 met15A0 ura3A0 cog9-KANMX4 Ref. 48

ing SNF2 was shuffled out prior to each experiment, allowing
a fresh snf2A strain with each experiment, to avoid these
suppressor mutants. We found that this was absolutely
instrumental to observe the proper phenotype and behavior
of the snf2A strain.

RNA-sequencing analyses

The RNA-sequencing data reported in this study were gen-
erated previously (6). Briefly, RNA sequencing libraries were
prepared using the Illumina Truseq® V3 kit and ribosomal
RNA depletion (Ribo-Zero, Illumina). Single-end, 50-nucleo-
tide sequence reads (HiSeq 2000) were aligned to SacCer3 and
spliced transcripts from the Ares Lab Yeast Intron Database
version 3 (42) in a single step using STAR (43). Only the highest
scoring alignments for each read were kept, allowing for at most
a single tie. Reads/kb/million were computed for each gene by
dividing the total number of reads that aligned entirely within
the gene’s exon boundaries by the gene’s total exon length in
kilobase pairs per million mapped reads. Reads within ICGs
were categorized as exonic, spliced, or unspliced. Exonic reads
map entirely within an exon, as defined by the Ares Lab Yeast
Intron Database. Introns with annotated small nucleolar RNAs
within the defined intron boundaries were disregarded in this
analysis. Spliced reads are those that align with a gap that cor-
responds to an annotated intron, and unspliced reads map par-
tially within an exon and partially within an intron with no gap.
Spliced and unspliced read counts were normalized by dividing
total spliced counts by the number of potential unique align-
ment positions that contribute to the total. For spliced reads,
this is read length minus one for every intron. For unspliced
read counts, this is the length of the intron plus the read
length minus one. Splicing efficiency for each intron was
calculated as normalized spliced counts divided by the sum
of the normalized spliced and normalized unspliced counts.
Changes in splicing efficiency were calculated as percentage
difference over WT efficiency and plotted against expression
levels (reads/kb/million) in WT. Data are available under
GEO accession number GSE94404, and detailed methods
were described previously (6).

RT-PCR and real-time PCR analysis

RNA was isolated from a 5-ml aliquot of cell culture corre-
sponding to time points described in each experiment. After
DNase treatment (Roche Applied Science), equal quantities of
total RNA from each sample were used to make cDNA using a
cDNA synthesis kit (Fermentas). To detect PTC7 splicing iso-
forms, primers flanking the intronic sequences were used for

PCR using 1 ul of cDNA diluted 1:20. PCR products were then
separated on a 2% agarose gel and imaged. RT-qPCR was done
in a 10-ul reaction volume with gene-specific primers using 1
ul of cDNA diluted 1:20 using Perfecta SYBR Green Fastmix
(Quanta Biosciences) and a CFX96 Touch System (Bio-Rad).
All samples were analyzed in triplicate for each independent
experiment. RT-qPCR was also performed for the scRI (cyto-
plasmic signal recognition particle RNA subunit) RNA from
each cDNA sample. Gene expression analysis was done by
27 4% methods using scR1 as a reference. -Fold expression of
mRNA was measured compared with WT by 2™ **“ methods
(44).

Immunoblots

Protein was isolated from cell pellets with FA-1 lysis buffer
(50 mm HEPES, pH 7.5, 150 mum NaCl, 1 mm EDTA, 1% Tri-
ton X-100, 0.1% sodium deoxycholate, 1 mm PMSF, and pro-
tease inhibitors) with bead beating. The buffer was supple-
mented with protease inhibitor mixture tablet (Roche
Applied Science). Total protein was resolved by SDS-PAGE.
The gel was transferred to PVDF membrane, and proteins
were detected with the following antibodies at the stated
dilutions: anti-SNF2 antibody (yN-20, Santa Cruz Biotech-
nology) at a 1:200 dilution in 2% milk, anti-HA antibody
(901514, BioLegend) at a 1:2000 dilution in 5% milk, anti-
Pgk1 antibody (459250, Invitrogen) at a 1:3000 dilution in 5%
milk, or anti-Coq7 antibody (described previously (16) at a
1:2000 dilution in 3% milk. Signal was detected with en-
hanced chemiluminescence (Thermo Scientific) as described
by the manufacturer.

Metabolic labeling of CoQ, with "*C_-labeled precursors

Yeast strains were grown overnight in 25 ml of YPD in a
shaking incubator (30 °C, 250 rpm) and diluted toan A, of 0.1
in 60 ml of fresh YPD the next morning. The cultures were
incubated as before to an A, of 0.5 (midlog phase) and subse-
quently treated with *C,-4HB at 10 pg/ml (600 ug total) or
ethanol vehicle control (0.015%, v/v). At designated time peri-
ods, cells were harvested by centrifugation at 3000 X g for 5
min, from 50-ml aliquots (used for lipid extraction) or 10-ml
aliquots (used for RNA and protein analysis). Cell pellets were
stored at —20 °C.

Analysis of CoQ, and CoQ, intermediates
Lipid extraction of cell pellets was conducted as described

(18) with methanol and petroleum ether and CoQ, as the inter-
nal standard. Lipid measurements were performed by HPLC-
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MS/MS and normalized to total OD. Prior to mass spectrome-
try analysis, all samples were treated with 1.0 mg/ml
benzoquinone to oxidize hydroquinones to quinones. Mass
spectrometry analyses utilized a 4000 QTRAP linear MS/MS
spectrometer (Applied Biosystems), and data were acquired
and analyzed using Analyst version 1.4.2 and 1.5.2 software
(Applied Biosystems). Separation of lipid quinones was per-
formed with a binary HPLC delivery system and a Luna 5u
phenyl-hexyl column (100 X 4.6 mm, 5 um; Phenomenex). The
mobile phase consisted of a 95:5 methanol/isopropyl alcohol
solution with 2.5 mm ammonium formate as solution A and a
100% isopropyl alcohol solution with 2.5 mm ammonium for-
mate as solution B. The percentage of solution B was increased
linearly from 0 to 5% over 6 min, whereby the flow rate was
increased from 600 to 800 pl. Initial flow rate and mobile phase
conditions were changed back to initial phase conditions lin-
early over 3.5 min. Each sample was analyzed using multiple-
reaction monitoring mode. The following precursor-to-prod-
uct jon transitions were detected as well as the +17 m/z
ammoniated adducts for each of the metabolic products: *C,-
HHB m/z 553.4/157.0 (ammoniated: 570.4/157.0), *C-HHB
m/z 547.4/151.0 (ammoniated: 564.4/151.0), *C,-DMQ, m/z
567.6/173.0 (ammoniated: 584.6/173.0), **C-DMQ, m/z 561.6/
167.0 (ammoniated: 578.6/167.0), *C,-CoQ, m/z 597.4/203.1
(ammoniated: 614.4/203.1), "*C-CoQ, m/z 591.4/197.1 (am-
moniated: 608.4/197.1), and '*C-CoQ, m/z 455.4/197.0
(ammoniated: 472.4/197.0).

Plate dilution assays

Strains were grown overnight in 5 ml of YPD and diluted
to an A gy, of 0.2 in sterile PBS. A 5-fold serial dilution in PBS
was performed, after which 2 ul of each dilution (1X, 5X,
25X, 125X, and 625X) were spotted onto the designated
carbon sources. The final A,,, of the aforementioned
dilution series are 0.2, 0.04, 0.008, 0.0016, and 0.00032,
respectively.

PHYRE homology modeling

Phyre2 is a modeling program designed to analyze protein
structure, function, and mutations (45). It is used to analyze the
primary sequence of a protein and, with homology detection
methods, constructs a structure that compares the protein of
interest with other proteins (or motifs of proteins) with known
structure. In regard to Ptc7, the full nonspliced version of the
protein (Ptc7,,,), which is composed of 374 amino acids and
retains its 31-amino acid intron (amino acids 19-50), was
analyzed. The resulting structure and alignment coverage
contained 86% of residues modeled at >90% confidence,
with 14% of residues modeled ab initio. Additionally, the
spliced isoform of Ptc7 (Ptc7,), which is localized and pro-
cessed in the mitochondria, comprised of 305 amino acids,
resulting from the removal of the 31-amino acid intron
and the excision of the predicted mitochondrial targeting
sequence (the 38 N-terminal amino acids of Ptc7,) (46), was
also modeled using the PHYRE2 intensive modeling mode.
The resulting structure and alignment coverage contains
85% of residues modeled at >90% confidence, with 15% of
residues modeled ab initio.
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Abstract

Multi-protein complexes, rather than single proteins acting in isolation, often govern molecular pathways regulating cellular homeostasis. Based
on this principle, the purification of critical proteins required for the functioning of these pathways along with their native interacting partners
has not only allowed the mapping of the protein constituents of these pathways, but has also provided a deeper understanding of how these
proteins coordinate to regulate these pathways. Within this context, understanding a protein's spatiotemporal localization and its protein-protein
interaction network can aid in defining its role within a pathway, as well as how its misregulation may lead to disease pathogenesis. To address
this need, several approaches for protein purification such as tandem affinity purification (TAP) and localization and affinity purification (LAP)
have been designed and used successfully. Nevertheless, in order to apply these approaches to pathway-scale proteomic analyses, these
strategies must be supplemented with modern technological developments in cloning and mammalian stable cell line generation. Here, we
describe a method for generating LAP-tagged human inducible stable cell lines for investigating protein subcellular localization and protein-
protein interaction networks. This approach has been successfully applied to the dissection of multiple cellular pathways including cell division
and is compatible with high-throughput proteomic analyses.

Video Link

The video component of this article can be found at http://www.jove.com/video/54870/

To investigate the cellular function of an uncharacterized protein it is important to determine its in vivo spatiotemporal subcellular localization

and its interacting protein partners. Traditionally, single and tandem epitope tags fused to the N or C-terminus of a protein of interest have been
used to facilitate protein localization and protein interaction studies. For example, the tandem affinity purification (TAP) technology has enabled
the isolation of native protein complexes, even those that are in low abundance, in both yeast and mammalian cell lines “. The localization and
affinity purification (LAP) technology, is a more recent development that modifies the TAP procedure to include a localization component through
the introduction of the green fluorescent protein (GFP) as one of the epitope tags’. This approach has given researchers a deeper understanding
of a protein's subcellular localization in living cells while also retaining the ability to perform TAP complex purifications to map protein-protein
interaction networks.

However, there are many issues associated with the use of TAP/LAP technologies that has hampered their widespread use in mammalian cells.
For example, the length of time that is necessary to generate a stable cell line expressing a TAP/LAP tagged protein of interest; which typically
relies on cloning the gene of interest into a viral vector and selecting single cell stable integrants with the desired expression level. Additionally,
many cellular pathways are sensitive to constitutive protein overexpression (even at low levels) and can arrest cells or trigger cell death over
time making the generation of a TAP/LAP stable cell line impossible. These and other constraints have impeded LAP/TAP methodologies from
becoming high-throughput systems for protein localization and protein complex elucidation. Therefore, there has been considerable interest in
the development of an inducible high-throughput LAP-tagging system for mammalian cells that takes advantage of current innovations in cloning
and cell line technologies.

Here we present a protocol for generating stable cell lines with Doxycycline/Tetracycline (Dox/Tet) inducible LAP-tagged proteins of interest that
applies advances in both cloning and mammalian cell line technologies. This approach streamlines the acquisition of data with regards to LAP-
tagged protein subcellular localization, protein complex purification and identification of interacting proteins®. Although affinity proteomics utilizes
a wide range of techniques for protein complex elucidation®, our approach is beneficial for expediting the identification of these complexes

and their native interaction networks and is amenable to high-throughput protein tagging that is necessary to investigate complex biological
pathways that contain a multitude of protein constituents. Key to this approach are advancements in cloning strategies that enable high fidelity
and expedited cloning of target genes into an array of vectors for gene expression in vitro, in various organisms like bacteria and baculovirus,
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and in mammalian cells®”. Additionally, the ORFeome collaboration has cloned thousands of sequence validated open reading frames in vectors
that incorporate these advances in cloning, which are available to the scientific community“'. In our system, the pGLAP1 LAP-tagging vector
enables the simultaneous cloning of a large number of clones, which facilitates high-throughput LAP-tagging. This expedited cloning procedure
is coupled to a streamlined approach for generating cell lines with LAP-tagged genes of interest inserted at a single pre-determined genomic
locus. This makes use of cell lines that contain a single flippase recognition target (FRT) site within their genome, which is the site of integration
for LAP-tagged genes. These cell lines also express the tetracycline repressor (TetR) that binds to Tet operators (TetO,) upstream of the LAP-
tagged genes and silences their expression in the absence of Dox/Tet. This allows for Dox/Tet inducible expression of the LAP-tagged protein

at any given time. Having the capability of inducible LAP-tagged protein expression is critical, since many cellular pathways are sensitive

to the levels of critical proteins governing the pathway and can arrest cell growth or trigger cell death when these protenns are constitutively
overexpressed, even at low levels, making the generation of non-inducible LAP-tagged stable cell lines impossible'%.

NOTE: An overview of the generation of inducible LAP-tagged stable cell lines for any protein of interest is illustrated in Figure 1 and the
overview of LAP-tagged protein expression, purification and preparation for mass proteomic analyses is illustrated in Figure 3.

1. Cloning the Open Reading Frame (ORF) of the Gene of Interest into the LAP-tag Vector

1. Cloning the ORF of the Gene of Interest into the Shuttle Vector.

1. Use polymerase chain reaction (PCR) to amplify the ORF of interest with the appropriate attB1 and attB2 sites within the primers for
either N-terminal fusion or C-terminal fusion. See Table 1 for primer sequences and Table 2 for PCR conditions.

2. Gel purify the PCR products by resolving them on a 1% agarose gel. Excise the amplified band that is the correct size from the gel and
extract it from the gel slice using a DNA gel extraction kit as per manufacturer’s instructions.

3. Incubate the purified attB containing PCR products with an attP containing shuttie vector and the recombinase that allows the PCR
products to recombine into the vector as per manufacturer’s instructions (see Materials Table).
NOTE: Empty shuttle vectors and LAP-tagging vectors contain the ccdB gene and have to be propagated in ccdB resistant bacterial
cells (see Materials Table). However the ccdB gene is recombined out when an ORF is inserted into these vectors, hence use
standard DH5a E. coli cells when propagating vectors with cloned ORFs.

4. Transform DH5a E. coli cells with 1 pl of the reaction product and plate the transformed celis onto a Luria broth (LB) agar plate with 50
mg/ml Kanamycin ~. =

5. Select the Kanamycin resistant colonies.

6. Grow the selected colonies in LB media with 50 mg/ml Kanamycin, make a DNA mini-prep and confirm gene integration by DNA
sequencing using the sequencing primers listed in Table 3.

2. Transferring the Gene of Interest from the Shuttle Vector into the LAP-tag Vector.

1. Incubate the shuttle vector containing the sequence verified gene of interest ORF with the LAP-tag vector (pGLAP1 for N-terminal
fusion) and the recombinase that mediates the transfer of the gene of interest from the shuttle vector into the LAP-tag vector as per
manufacturer’s instructions (see Materials).

NOTE: A series of LAP/TAP vectors that can be used based on the desired promoter, epitope-tag, and N or C-terminal tagging can be
found in Table 4.

2. Transform‘aDHSG E. coli cells with 1 pl of the reaction product and plate the transformed celis onto an LB agar plate with 100 mg/ml
Ampicillin ™.

3. Select the Ampicillin resistant colonies.

4. Grow the selected colonies in LB media with 100 mg/mi Ampicillin, make a DNA mini-prep, and confirm gene integration by DNA
sequencing using the sequencing primers listed in Table 5.

2. Generation of an Inducible Stable Cell Line that Expresses the LAP-tagged Gene of
Interest

1. Select the cell line best suited for the project of interest. Alternatively, create a host cell line from any existing cell line that constitutively
expresses the TetR and contains a FRT site that allows the LAP-tagged gene of interest to be stably integrated into the genome (see
Materials).

NOTE: This protocol uses a HEK293 cell line that contains the TetR and an FRT site, which is grown in -Tet DMEM/F 12 media [made with
10% fetal bovine serum (FBS) that is devoid of Tetracycline (-Tet)] *.

2. Determine the minimum concentration of Hygromycin required to kill the host cell line within 1 to 2 weeks after drug addition. The
concentration can vary between host cell lines, with most ranging between 100 ug/ml and 800 pg/ml.

NOTE: HEK293 cells grown in -Tet DMEM/F12 media with 100 pg/ml Hygromycin at 37 “C and 5% CO, will die within 1-2 weeks.

3. Co-transfect the vector that expresses the flippase recombinase (mediates the integration of the LAP-tagged gene of interest into the
FRT site within the genome of the cell) with the LAP-tagged vector mno HEK283 cells using a transfection reagent as per manufacturer's
instructions. Use a ratio of 4:1 of recombinase vector to LAP vector
NOTE: The optimal ratio is dependent on the host cell line and method of transfection, and may require a titration. A ratio of 4:1 works well for
most cell lines. Include a mock-transfected plate as a negative control.

4. One day post-transfection, replace the -Tet DMEM/F12 media with fresh media.

5. Two days post-transfection, split cells to 25% confluence. Allow cells ~5 hr to attach, then add Hygromycin-containing -Tet DMEM/F12 media
at the concentration predetermined in step 2.2. For HEK293 cells use 100 pg/ml Hygromycin.
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NOTE: The FRT containing HEK293 cell line also contains the TetR that is associated with Blasticidin resistance, therefore 5 pg/ml Blasticidin
is used during the stable cell line selection process to select for the TetR and to minimize leaky expression.

6. Replace Hygromycin-containing -Tet DMEM/F12 media as needed until distinct cell foci appear that resemble opaque spots against the
transparent plate.

7. Add 20 pl of trypsin on top of each cell foci and pipet up and down 2 times with a 200 ul pipet tip. Place cells in a 24 well plate and expand
the cells by continual growth in Hygromycin-containing -Tet DMEM/F12 media.

8. Screen cells for inducible LAP-tagged protein expression by fixed-cell or live-cell fluorescence microscopy andfor Western blotting for the
GFP tag within the LAP-tag'®.

3. Purification of LAP-tagged Protein Complexes

NOTE: The following LAP-tagged protein purification protocol details recommendations on conditions and volumes used for a typical LAP-tagged
protein purification based on previous experience. However, caution should be exercised to ensure that empirical optimization is carried out for
any protein complex and protein expression level of interest to provide the best results.

1. Cell Growth and Cell Harvesting.

1.

2.

3.

Expand the validated LAP-tagged cell line for TAP isolation of protein complexes, by continually passaging all HEK293 cells into larger
plates and/or roller bottles in -Tet DMEM/F12 media at 37 “C and 5% CO..

For Tet/Dox inducible cell lines, induce for 10-15 hr at a concentration of 0.2 ug/ml Tet/Dox when the cells reach ~70% confluency,
before harvesting cells.

NOTE: The concentration and induction time should be determined for each protein, a titration of 0.1-1 pg/ml Tet/Dox for 10-15 hr is
recommended.

Harvest cells by agitation or trypsinization and pellet cells at 875 x g for 5-10 min.

2. Coupling Anti-GFP Antibody to Protein A Beads

1.

Use 40 pg of antibody for immunoprecipitation from a lysate prepared from a 0.5 ml cell pellet, packed cell volume (PCV).

NOTE: The amount of antibody needed will depend on the abundance of the LAP-tagged protein, among other factors, and will require
optimization. A titration of 10-40 pg is recommended.

Equilibrate 160 pl packed volume (PV) Protein A beads into PBST (PBS + 0.1% Tween-20) in 2 1.5 ml tube. Wash 3 times with 1 ml of
PBST.

NOTE: All washes herein are carried out by centrifuging the beads at 5,000 x g for 10 sec.

Resuspend beads in 500 ul PBST and add 80 pg of affinity-purified rabbit anti-GFP antibody to each tube of 160 pl beads. Mix for 1 hr
at room temperature (RT).

Wash beads 2 times with 1 ml of PBST. Then, wash beads 2 times with 1 ml of 0.2 M sodium borate, pH 9 (20 ml 0.2 M sodium borate
+ 15 ml 0.2 M boric acid). After the final wash, add 900 pl of the 0.2 M sodium borate, pH 9 to bring the final volume to 1 ml.

Add 100 pl of 220 mM dimethylpimelimidate (DMP) to a final concentration of 20 mM. Rotate the tubes gently at RT for 30 min. For 220
mM DMP, resuspend contents of one 50 mg bottie in 877 pl of 0.2 M sodium borate, pH 9 and add immediately to the bead suspension.
After incubation with DMP, wash beads 1 time with 1 ml of 0.2 M ethanolamine, 0.2 M NaCl pH 8.5 to inactivate the residual
crosslinker. Resuspend beads in 1 ml of the same buffer and rotate for 1 hr at RT. Pellet beads and resuspend beads in 500 pylof 0.2 M
ethanolamine, 0.2 M NaCl pH 8.5. Beads are stable for several months at 4 °C.

3. Preparation of Buffers for Cell Lysis and Complex Purification

1.

Prepare LAPX buffers (where X is the desired salt concentration [mM KCI] of the LAP buffer; 300 mM for cell lysis, 200 mM for

most bead washes, and 100 mM for washing beads prior to eluting proteins) by making a pH 7.4 solution containing 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesuifonic acid (HEPES), X mM KCI, 1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM MgCl,, and
10% glycerol.

NOTE: The components of this buffer are used to approximate the environment in living cells. HEPES is used as a buffer in the pH
rage of 7.2-8.2. KCl is a salt used to maintain the ionic strength of the buffer. EGTA is a chelating agent that binds calcium ions to
reduce the levels of calcium compared to magnesium. Glycerol and MgCl, are used to improve the stability of proteins.

Prepare LAPX" buffer by adding 0.05% nonyl phenoxypolyethoxyiethanol to the LAPX buffer.

NOTE: Nonyl phenoxypolyethoxylethanol is a mild detergent that solubilizes proteins, but preserves protein-protein interactions, thus a
higher concentration is used during the extraction process and it is then lowered during the binding and washing steps.

4. Preparation of Cell Lysates

1.

2.

3.

Resuspend 500 pl of PCV into 2.5 ml of LAP300 with 0.5 mM dithiothreitol (DTT) and protease inhibitors. Add 90 pl of 10% nonyl
phenoxypolyethoxylethanol (0.3% final) and mix by inversion.

Place on ice for 10 min. Centrifuge at 21,000 x g for 10 min. Collect this low speed supernatant (LSS). Take a 10 pl sample of the LSS
for gel analysis.

Transfer LSS to a TLA100.3 tube and spin at 100,000 x g for 1 hr at 4 °C. Collect this high speed supernatant (HSS), in a tube and
place on ice. Take a 10 pl sample of the HSS for gel analysis.

NOTE: Avoid taking the top most lipid layer and the bottom most cell debris layer. The lipid layer should be removed by vacuum
aspiration prior to collecting the HSS.

5. First Affinity Capture: Binding to Anti-GFP Beads

1.

2.

Pre-elute antibody coupled beads (use 160 pl of beads per 0.5 mi cell pellet (PCV)) by washing them 3 times with 1 ml of elution buffer
[3.5 M MgCl, with 20 mM Tris, pH 7.4] to get rid of uncoupled antibodies and reduce background. Do quickly. Do not leave beads in
high salt for a long time.

Wash beads 3 times with 1 ml of LAP200™. Mix HSS extract with antibody beads for 1 hr at 4 °C. Centrifuge at 21,000 x g for 10 min.
Take a 10 pl sample of the supernatant (i.e., the flow through (FT)) for gel analysis.
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3. Wash beads 3 times with 1 ml of LAP200" with 0.5 mM DTT and protease inhibitors. Washbeadszumes(Smm each) with 1 ml of
LAP200" with 0.5 mM DTT and protease inhibitors. Wash quickly 2 times with 1 ml of LAP200" with 0.5 mM DTT and no protease
inhibitors before adding the tobacco etch virus (TEV) protease.

6. TEV Cleavage
1. Dilute 10 pg TEV protease in 1 ml of LAP200" and rotate tubes at 4 °C ovemight.
NOTE: This step can be optimized for any LAP-tagged protein to be completed in a few hours by adjusting the concentration of TEV
protease, which can aid the preservation of LAP-tagged protein complexes.
2. Pellet beads and transfer supernatant to a fresh tube. Rinse beads twice with 160 pl LAP200" with 0.5 mM DTT and protease inhibitors
(triple concentration) to remove any residual protein. Take a 10 ul sample of the supemnatant for gel analysis.

7. Second Affinity Capture: Binding to S Protein Agarose
1. Wash 1 tube of 80 pl S protein agarose slurry (40 pl packed resin) 3 times with 1 ml of LAP200".
NOTE: S protein binding to the S-tag will reconstitute an active RNase and an alternative second epitope tag should be considered for
RNA containing protein complexes.
2. Add TEV eluted supernatant to S protein agarose beads and rock for 3 hr at 4 °C. Pellet beads and wash 3 times with 1 mi of LAP200™
with 0.5 mM DTT and protease inhibitors. Wash beads 2 times with 1 ml of LAP100.

8. Protein Elution
1. Elute proteins off S protein agarose by adding 50 pl of 4x Laemmli sample buffer and heat at 97 C for 10 min.
NOTE: Proteins can also be eluted from the beads with elution buffer (3.5 M MgCl, with 20 mM Tris, pH 7.4).

4. Identify Interacting Proteins by Mass Spectrometry Analysis

1. Test the quality of the purification by analyzing the collected samples by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), silver staining the gel (see Materials Table) and by immunoblotting the eluates and probing with anti-GFP antibodies to ensure that
the LAP-tagged purification worked € see Figure 4.

2. To identify stoichiometric and substoochlometnc co-purifying species, take the final elution sample and separate it by SDS-PAGE. Stain the
gel with a mass spectrometry compatible protein stain. Exdse the most prominent bands and the space in between them from the gel and
process them for analysis by mass spectrometry sepa i
NOTE: There are numerous approaches for separating Ihe ﬁnal purification eluates and preparing them for mass spectrometrys For example,
LAP-purified complexes can be eluted from S-protein beads by using high sait (3.5 M MgCl,) and the entire protein population en masse can
be analyzed by mass spectrometry’’. Alternatively, final eluates can be separated for 1 mm by SDS-PAGE and a single 1 mm band can be
excised and analyzed. This clears the complex mixture of any beads or particulate matter that will interfere with the analysis.

Representative Results

To highlight the utility of this system, the open reading frame (ORF) of the Tau microtubule binding protein was cloned into the shuttle vector

by amplifying the Tau ORF with primers containing attB1 and attB2 sites (Table 1) and incubating the PCR products with the shuttie vector and
a recombinase that mediates the insertion of the PCR products into the shuttie vector. The reaction products were used to transform DH5a
bacteria' and plasmid DNA from Kanamycin resistant colonies was sequenced to ensure Tau insertion. A sequence validated shuttle-Tau vector
was then used to transfer the Tau ORF into the pGLAP1 vector, which fused Tau in frame with the LAP (EGFP-TEV-S-Protein) tag, by incubating
the shuttle-Tau vector with the pGLAP1 vector and the recombinase that mediates the transfer of the ORF from the shuttle vector to pGLAP1.
The reaction products were used to transform DH5a bacteria'® and plasmid DNA from Ampicillin resistant colonies was sequenced to ensure
that the LAP-Tau fusion was in frame. Sequence validated pGLAP 1-LAP-Tau was then co-transfected with a vector that expresses the flippase
recombination enzyme into HEK293 cells that contained a single flippase recognition target (FRT) site within their genome, which is the site of
integration for LAP-tagged genes'®. This cell line also expressed the TetR that binds to Tet operators upstream of the LAP-tagged genes and
silences their expression in the absence of Tet/Dox. Stable integrants were selected with -Tet DMEM/F12 media with 100 pg/ml Hygromycin for
5 days. Individual Hygromycin resistant cell foci were harvested by adding 20 ul of trypsin on top and pipetting up and down 2 times. Cells were
placed in a 24 well plate and expanded by continual growth in -Tet DMEM/F12 media.

To verify that the Hygromycin resistant cells were capable of expressing LAP-Tau, HEK293 LAP-Tau celis were induced with 0.1 pg/ml Dox for
15 hr and protein extracts were prepared from non-induced and Dox-induced cells. These extracts were separated by SDS-PAGE, transferred

to a PVDF membrane, and immunoblotted for GFP and Tubulin as loading control. As seen in Figure 4A, LAP-Tau (visualized with anti-GFP
antibodies) was only expressed in the presence of Dox. To validate that LAP-Tau was properly localized to the mitotic microtubule spindle during
mitosis, as had been previously shown for endogenous Tau'®, HEK293 LAP-Tau cells were induced with 0.1 pg/mi Dox for 15 hr and cells were
fixed with 4% paraformaldehyde and co-stained for DNA (Hoechst 33342) and microtubules (anti-Tubulin antibodies). Consistently, LAP-Tau was
localized to the mitotic spindle during metaphase of mitosis (Figure 4B). To verify that LAP-Tau and its interacting proteins could be purified with
this system, HEK293 LAP-Tau cells were grown in roller bottles to ~70% confluency, induced with 0.1 ug/mi Dox for 15 hr, harvested by agitation,
lysed with LAP300 buffer, and LAP-Tau was purified using the above protocol. Eluates from the LAP-Tau purification were resolved by SDS-
PAGE and the gel was silver stained. Figure 4C shows the LAP-Tau purification, marked with an asterisk is LAP-Tau and several other bands
indicative of Tau interacting proteins can be seen.

283



.
love Journal of Visualized Experiments www.jove.com

Generation of LAP-tagged Transfection of Selection of LAP-tagged
genes of interest host cell line stable cell ine

! PCR amplify Gene X and el m
. &
« clone into shuttle vector 1 \ pon TEOIEER S 11‘
ke W
factiog —‘—' Selection —

ar P : -
“’ﬁ,“" e € =)

Gene transfer from shuttle SP7&5578

vector to pGLAP1 vector
Figure 1: Overview of the Generation of LAP-tagged Inducible Stable Cell Lines for any Protein of Interest. The open reading frame
(ORF) of genes of interest are amplified with attB1 and attB2 sites flanking the 5" and 3" end sequences, respectively (primer sequences are
given in Table 1) and cloned into the shuttle vector. Sequence verified shuttie vectors with the gene of interest are then used to transfer the
gene of interest into the pGLAP1 vector. The sequence verified pGLAP1 vector with the gene of interest is then co-transfected with the vector
containing the flippase recombinase into the desired cell line that contains a single flippase recognition target (FRT) site within their genome,
which is the site of integration for LAP-tagged genes. These cell lines also express the Tet repressor (TetR) that binds to Tet operators (TetO;)
upstream of the LAP-tagged genes and silences their expression in the absence of Tet/Dox. The LAP-tagged gene of interest is then recombined
into the FRT site and stable integrants are selected with Hygromycin. Please click here to view a larger version of this figure.
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Figure 2: Overview of the Applications for LAP-tagged Stable Cell Lines. LAP-tagged inducible stable cell lines are induced to express the
LAP-tagged protein of interest by Dox addition and can be synchronized at various stages of the cell cycle or can be stimulated with chemicals
or ligands to activate any desired signaling pathway. The subcellular localization of the LAP-tagged protein of interest can be analyzed by
live cell or fixed cell imaging. LAP-tagged proteins can also be tandem affinity purified and their interacting proteins can be identified by liquid
chromatography tandem mass spectrometry (LC-MS/MS). Finally, Cytoscape can be used to generate a protein-protein interaction network of the
bait protein. Dox indicates Doxycycline, IP indicates immunoprecipitate, EGFP indicates enhanced green fluorescent protein, Tev indicates TEV
protease cleavage site, and S indicates S-tag. Please click here to view a larger version of this figure.
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Flgure 3: Overview of LAP-tagged Protein Expression, Purification and Preparation for Mass Spectrometry. The protocol has 9 steps:
1) growth and induction of LAP-tagged protein expression, 2) cell harvesting and lysis, 3) the preparation of lysates, 4) the binding of lysates
to anti-GFP beads, 5) TEV protease cleavage of the GFP-tag, 6) the binding of lysates to S-protein beads, 7) the elution of the bait protein and
interacting proteins, and 8-9) the preparation of samples for mass spectrometry-based proteomic analyses. Please click here to view a larger
version of this figure.
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Figure 4: Verification of LAP-Tau expression. (A) Western blot (WB) analysis of protein samples from non-induced and Dox induced LAP-
Tau HEK293 cells probed with anti-GFP and anti-Tubulin antibodies to detect the LAP-tagged Tau protein and the Tubulin loading control,
respectively. Note that LAP-Tau is only expressed when the cells are induced with Dox. (B) Mitotic cells expressing LAP-Tau were fixed and
co-stained for DNA (Hoechst 33342) and Tubulin (Tub) with anti-tubulin antibodies and the subcellular localization of LAP-tau was analyzed by
fluorescence microcopy. Note that LAP-Tau localizes to the mitotic spindle and spindle poles during mitosis. (C) Silver stained gel of the LAP-
Tau purification. MW indicates molecular weight, CL indicates cleared lysates, and E indicates final eluates. Samples were run on a 4-20% SDS-
PAGE and the gel was silver stained to visualize the purified proteins. Note that a band corresponding to LAP-Tau is marked with an asterisk and
several other bands corresponding to co-purifying proteins can be seen. Please click here to view a larger version of this figure.

N-terminal fusion

Forward 5-GGGGACAAGT TTGTACAAAAAAGCAGGCTTCATG-(>18gsn)-3'
Reverse 5-GGGGACCACTTTGTACAAGAAAGCTGGGTT TTATCA-(>18gsn)-3'
C-terminal fusion

Forward 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACC-(>18gsn)-3'
Reverse

5-GGGGACCACTTTGTACAAGAAAGCTGGGTG-(>18gsn)-3'

Table 1: Forward and Reverse Primers for Amplifying ORFs or Interest for Insertion into the Shuttle Vector. The attB sites are highlighted

in bold letters, gsn denotes that more than 18 gene specific nucleotides are added to the primer.
Step Temperature Time
Initial denaturation 94°C 2 min
PCR Amplification Cycles (35) Denature 84°C 30 sec
Anneal 55 °C (depending on the primer 30 sec
Tm)
Extend 72°C 1 minkb
Hold 4°C indefinitely

Table 2: PCR Conditions for Amplification of the ORFs of Interest.

Vector

Forward Sequencing Primer

Reverse Sequencing Primer

Shuttle Vector

5'-TGTAAAACGACGGCCAGT-3

5-CAGGAAACAGCTATGAC-3

Table 3: Forward and Reverse Sequencing Primers for the Shuttle Vector.
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ID Structure Parental Promoter Bac Res Mam Res Tet reg?

pGLAP1 N-term EGFP-TEV- | pcDNAS/FRT/TO  |CMV Amp Hyg Yes
S peptide

pGLAP2 N-term Flag-TEV-S |pcDNAS/FRT/TO |CMV Amp Hyg Yes
peptide

pGLAP3 N-term EGFP-TEV- | pEF5/FRT-V5 EF1a Amp Hyg No
S peptide; C-term
V5

pGLAP4 N-term Flag-TEV- |pEFS/FRT-V5S EF1a Amp Hyg No
S peptide; ; C-term
V5

pGLAPS C-term S peptide- |pEFS/FRT-V5 EF1a Amp Hyg No
PreProt x2-EGFP

Table 4: List of Available LAP/TAP Vectors with Variable Promoters, Epitope-tags, and Dox Inducible Expression Capabilities for N or
C-terminal Protein Tagging. Vectors are commercially available. Bac Res indicates bacterial resistance marker, Mam Res indicates mammalian
cell resistance marker, Tet reg? indicates whether expression is Tet/Dox regulatable.

Vector Forward Sequencing Primer Reverse Sequencing Primer

pGLAP1 5- 5-
ATCACTCTCGGCATGGACGAGCTGTACAAG-3TGGCTGGCAACTAGAAGGCACAGTCGAGGCH3

pGLAP2 5'-CGAACGCCAGCACATGGACAGGG-3' 5-

TGGCTGGCAACTAGAAGGCACAGTCGAGGCt3'

pGLAP3 5-AGAAACCGCTGCTGCTAA-3 "-TAGAAGGCACAGTCGAGG-3'

pGLAP4 5'-AGACCCAAGCTGGCTAGGTAAGC-3' 5-TAGAAGGCACAGTCGAGG-3'

pGLAPS 5-CGTAATACGACTCACTATAG-3 5-TCCAGGGTCAAGGAAGGCACGG-3'

Table 5: Forward and Reverse Sequencing Primers for pGLAP Vectors.

The outlined protocol describes the cloning of genes of interest into the LAP-tagging vector, the generation of inducible LAP-tagged stable cell
lines, and the purification of LAP-tagged protein complexes for proteomic analyses. With respect to other LAP/TAP-tagging approaches, this
protocol has been streamlined to be compatible with high-throughput approaches to map protein localization and protein-protein interactions
within any cellular pathway. This approach has been widely applied to the functional characterization of proteins critical for cell cycle progression,
mitotic spindle assembly, spindle pole homeostasis, and ciliogenesis 1o name a few and has aided the understanding of how misregulation of
these proteins can lead to human diseas&s’s"s‘mzd. For example, our group recently utilized this system to define the function and regulation

of the STARD9 mitotic kinesin (a candidate cancer target) in spindle aseembly'”’. to define a new molecular link between the Tctex1d2 dynein
light chain and short rib polydactyly syndromes (SRPS)®, and to define a new molecular link to understanding how mutation of the Mid2 ubiquitin
ligase can lead to X-linked intellectual disabilities'. Other laboratories have also successfully applied this method, including one that determined
that Tetn1, a regulator of mouse Hedgehog signaling, was a part of a ciliopathy-associated protein complex that regulated ciliary membrane
composition and ciliogenesis in a tissue-dependent manner”%, Therefore, this protocol can be broadly applied to the dissection of any cellular
pathway.

A critical step in this protocol is the selection of LAP-tagged stable cell lines that are Hygromycin resistant. Special care should be taken to
ensure that all cells in the control plate are dead before selecting foci in the experimental plate for amplification. Hygromycin can also be
added during routine cell culturing of LAP-tagged stable cell lines to further ensure that all cells maintain the LAP-tagged gene of interest at
the FRT site. We caution that not all LAP-tagged proteins will be functional and that it is important to have assays in place that can be used
to test protein function. Examples of assays used to test protein function include the rescue of siRNA-induced phenotypes and in vitro activity
assays. To address any potential problems with the addition of a large LAP-tag, we have previously generated TAP-tag vectors compatible
with this system that contain smaller tags, like FLAG, which are less likely to inhibit the function and localization of the protein of interest.

In addition, LAP-tagging vectors exist for generating C-terminal LAP-tagged proteins or C-terminal TAP-tagged proteins that are compatible
with this system, which can be used in cases where a LAP/TAP tag is not tolerated at the N-terminus of a protein. Additionally, the salt and
detergent concentrations of the purification buffers (LAPXN) can be modified to increase or decrease the purification stringency if none or too
many interactions are observed. Similarly, the tandem affinity purification procedure is more stringent than single purification procedures and
weak interactors may be lost, thus a single purification scheme can be used when few or no interactors are identified.

It is important to note that other GFP epitope tagging approaches exist that allow large scale GFP protein tagging for protein localization and
purification studies***. These include the BAC TransgenOmics approach that utilizes bacterial artificial chromosomes to express GFP-tagged
genes of interest from their native environment that contains all the regulatory elements, which mimics endogenous gene expression’*. More
recently, CAS9/single-guided RNA (sgRNA) ribonucleoprotein complexes (RNPs) have been used to endogenously tag genes of interest with

a split-GFP system that allows the expression of GFP-tagged genes from their endogenous genomic loci>. Although both of these approaches
enable the expression of tagged proteins under endogenous conditions, compared to the LAP-tagging protocol described here, they do not allow
for inducible and tunable expression of the tagged genes of interest. Additionally, they have yet to be applied to tandem epitope tagging for TAP.
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It is also important to note that other tagging systems can also be modified to become compatible with the system described here for generating
inducible epitope-tagged stable cell lines. For example, proximity-dependent biotin identification (BiolD) has garnered considerable attention due
to its ability to define spatial and temporal relationships among interacting proteinszs. This technique exploits protein fusions to a promiscuous
strain of the Escherichia coli biotin ligase BirA, which biotinylates any protein within a ~10 nm radius of the enzyme. The biotinylated proteins
are then affinity purified using biotin-affinity capture and analyzed for composition by mass spectrometry. BirA will biotinylate any protein in
close proximity, even transiently, which makes it especially suited for detecting weaker interacting partners within a complex?’. Additionally, the
purification scheme does not necessitate that endogenous protein-protein interactions remain intact and can be carried out under denaturing
conditions, thus reducing the rate of false positives. Within our current protocol, the substitution of the pGLAP1 vector by a BirA-tagging vector
could transform this system from identifying protein-protein interactions based on affinity to detecting them based on proximity. Such a system
would be highly advantageous for detecting transient protein interactions as is the case between many enzyme-substrate interactions and for
mapping the spatiotemporal protein-protein interactions within defined structures as has been carried out for the centrosome and cilia®?,
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