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Abstract

UbiB family proteins are widespread and highly conserved across all three domains of life.
A subset of UbiB proteins (Cog8 in yeast, COQ8A/COQS8B in human) are essential for coenzyme
Q (CoQ) biosynthesis, but a mechanistic understanding is lacking. All five human homologs been
connected to human disease, yet most of these proteins are completely uncharacterized. Here, I
present work addressing (1) COQS8’s biochemical function by characterizing robust ATPase
activity that is regulated by endogenous and synthetic small-molecule modulators and (2)
characterizing UbiB yeast homologs Ypl109¢ (Cqdl) and Y1r253w (Cqd2) as reciprocal regulators
of cellular CoQ distribution.

Chapter 1 summarizes the biosynthesis of CoQ and its various roles in cell biology. I
introduce the UbiB family of protein-kinase like genes, highlighting important unanswered
questions and the significance of studying these proteins. Chapter 2 describes our identification of
small-molecule regulators that enhance COQ8 ATPase activity. We find two alkylphenols (CoQ
mimics) and cardiolipin (CL) stimulate robust ATPase activity in the presence of COQ8’s N-
terminal transmembrane domain. Further, I generate an analog-sensitive COQS8 (Cog8-A45S5) tool to
investigate the effects of acute inhibition on respiratory growth and CoQ abundance in vivo.
Chapter 3 summarizes literature describing CoQ mobilization and uptake, highlighting the many

gaps in our current understanding. In Chapter 4, I design a genome-wide screen to identify



il
mitochondrial machinery involved in CoQ distribution. Using a combination of yeast genetics,
biochemical fractionation, and lipid profiling, I identify two highly conserved but poorly
characterized mitochondrial proteins, Ypl109¢c (Cqdl) and YIr253w (Cqd2), that reciprocally
regulate this process. Loss of Cqdl skews cellular CoQ distribution away from mitochondria,
resulting in markedly enhanced resistance to oxidative stress caused by exogenous polyunsaturated
fatty acids (PUFAs), whereas loss of Cqd2 promotes the opposite effects. The activities of both
proteins rely on their atypical kinase/ATPase domains, which they share with Coq8. Chapter 5
summarizes my findings and provides future directions for the continued investigation of UbiB
proteins. Together, this work suggests that UbiB family proteins may function more broadly in the
management of CoQ biology. This work provides a host of new tools for the continued exploration

of UbiB molecular function.
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Chapter 1: Introduction

Author Contributions: Zachary A. Kemmerer wrote this chapter.

Overview of Coenzyme Q

Discovery of Coenzyme Q and its Biological Roles

Fueled by key advancements in cellular bioenergetics, the discovery of coenzyme Q (CoQ,
ubiquinone) was part of a concerted effort to identify and understand the mechanism of biological
energy conservation. Biochemists in the 1950s sought to understand how the oxidation of
metabolic substrates was connected to the production of adenosine triphosphate (ATP). Technical
advancements allowed proteinaceous components of the mitochondrial oxidative phosphorylation
(OxPhos) pathway to be isolated. However, in isolation, these proteinaceous components were
insufficient to fully reconstitute mitochondrial OxPhos.

In 1957, CoQ was discovered in the laboratory of David Green by Frederick Crane and
others at the Enzyme Institute at the University of Wisconsin—Madison!. Understanding that lipids
may play a critical role in OxPhos, Crane extracted lipids from beef heart mitochondria to isolate
a distinctly yellow compound. Interestingly, CoQ had been independently isolated two years prior,
but its quinone structure was unknown and its biological role remained a mystery?. Benzoquinones
were believed to be rare in animals, but Crane explored whether this yellow lipid had quinone-like
properties. Successful manipulation of the lipid, then referred to as Q275, supported this
hypothesis. Subsequent studies at Merck helped elucidate CoQ’s chemical structure®, revealing
two major features—a decorated quinone head group and a long polyisoprenoid lipid tail (Figure

1A). In the following years, CoQ was isolated from a diverse collection of organisms, including



prokaryotes like E. coli, plants and animals*, and cellular CoQ distribution was found to be
widespread®, raising important questions about CoQ biosynthesis, cellular distribution, and
functions outside of mitochondria.

As a redox-active lipid, the canonical role of CoQ is to facilitate electron and proton
transfer (Figure 1B) between OxPhos complexes in the electron transport chain (ETC, Figure 1C).
The polyisoprene tail length of CoQ varies by organism; human, S. cerevisiae, and E. coli CoQ
contains ten (CoQ1o), six (CoQg), and eight (CoQs) isoprene units, respectively*. It is this
extremely hydrophobic tail moiety (Figure 1A) that anchors CoQ within the membrane bilayer.
The redox-active quinone head group enables the reduction-oxidation chemistry required for
OxPhos (Figure 1B). Briefly, complexes I (NADH-CoQ oxidoreductase) and II (succinate-CoQ
oxidoreductase) accept electrons from NADH or FADHo», respectively. Within the IMM, CoQ
relays electrons from complex I and II to complex III (CoQ-cytochrome ¢ oxidoreductase).
Importantly, electron transfer is coupled with complex-dependent (I, III, and IV) proton pumping
across the IMM and into the mitochondrial inner membrane space (IMS). This proton gradient is

harnessed by ATP synthase (complex V) to synthesize ATP within the mitochondrial matrix>.
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Figure 1. CoQ Structure and Function in Oxidative Phosphorylation and Other Pathways.
Figure adapted from Stefely and Pagliarini, 2017%. A, Structure of coenzyme Q10 (CoQ1o). B,
Single electron transfer reactions of the CoQ quinone head group. Oxidized quinone (CoQ),
semiquinone (CoQH"), and reduced quinol (CoQH>). C, CoQ is a requisite component of the
electron transport chain, shuttling electrons from complexes I and II to complex III to enable
ATP production. D, CoQ is localized across the cell and participates in a variety of cellular

pathways; PTP, permeability transition pore.

Beyond this fundamental role, which is performed across all domains of life*, a broader set
of cellular functions are being increasingly recognized for CoQ (Figure 1D). Within mitochondria,
CoQ accepts electrons from glycerol 3-phosphate dehydrogenase (GPDH)’, electron-transferring-

flavoprotein dehydrogenase (ETFDH) dehydrogenase®, and dihydroorotate dehydrogenase



(DHODH)*!?, supporting CoQ’s role in glycerol metabolism, fatty acid oxidation, and uridine
biosynthesis, respectively. CoQ is also believed to function as a lipophilic antioxidant!!-'* and
influence membrane fluidity!'> around the cell, although the findings from Sevin et al. have been
challenged recently'¢ and conflicting reports exist regarding its in vivo antioxidant properties!’.
Recently though, plasma membrane FSP1 (H.s.) showed CoQ-dependent activity in mitigating

toxic lipid peroxide species!®!®

, a key step in preventing a type of regulated cell death called
ferroptosis?’. Additional roles for CoQ have been demonstrated (Figure 1D) but our understanding

of CoQ function, especially in extra-mitochondrial biology, is still incomplete.

Biosynthesis of CoQ

Across all domains of life, CoQ is synthesize endogenously at the membrane surface
(matrix side of the IMM in eukaryotes; at the cell membrane in prokaryotes, due to their lacking
mitochondria). Synthesis likely occurs in proximity to the respiration machinery where it can fulfill
its role in OxPhos. CoQ biosynthesis can generally be separated into four phases: 1) head group
production 2) polyisoprene tail production, 3) attachment of the head group to the polyisoprene
tail, and 4) headgroup modification to produce mature CoQ (Figures 2). This scheme is consistent
amongst eukaryotic and prokaryotic CoQ production. Exogenously supplied CoQ is poorly
absorbed by cells and tissues, likely due to its extreme hydrophobicity, poor solubility, and large
size?!, supporting endogenous synthesis as the predominant source.

In eukaryotes, CoQ biosynthesis requires at least 11 proteins, including Coq1-9, Yahl, and
Arh12? (Figure 2). [Note: Coq(#), yeast protein; COQ(#), human protein; collectively COQ(#)
moving forward]. More recently, Coql0 and Coql1 have been connected to CoQ biosynthesis.

Coql0 contains a lipid binding domain and is hypothesized to bind mature CoQ, potentially



escorting it to OxPhos complexes?’, while the function of Coqll remains unknown?2°. In
g p q

bacteria, UbiA-K and UbiX?¢ are required under aerobic conditions. More recently, it was
discovered that E.coli and other bacterial pathogens continue producing CoQ even under anaerobic
conditions. This anaerobic pathway requires UbiU and UbiV (heterodimeric hydroxylase), as well
as UDiT (possible lipid binding protein)?’-?%, but the physiological relevance of this pathway is still
unclear. Although CoQ biosynthesis is generally conserved between eukaryotes and prokaryotes,
important differences exist—in the derivation of precursors molecules, early steps in head group
modification, and supramolecular organization of the biosynthetic enzymes. These differences will

be the focus of the following sections.

CoQ Precursors

The two basic building blocks of CoQ biosynthesis—isoprenes and 4-hydroxybenzoate (4-
HB)—have different origins in eukaryotic (Figure 2) and prokaryotic systems. Eukaryotes derive
isoprene from the mevalonate pathway, the same pathway responsible for cholesterol
synthesis?*=°, Within the matrix, two isoprene diphosphate molecules (isopentyl and dimethylallyl
pyrophosphate; IPP and DMAPP) are stitched together by the polyprenyl synthase enzyme COQ1
(PDSS1/PDSS2 in humans)3!. Interestingly, the CoQ tail length is also dictated by this step for
different organisms>2, but the biological rationale for these differences is still unclear. In E. coli,
isoprenes are derived from the methylerythritol pathway (MEP) and are connected by COQ1
homolog, IspB*. Aromatic amino acid tyrosine (or phenylalanine via phenylalanine
hydroxylase***) is converted to 4-HB by a series of steps in eukaryotes®®, most of which have yet
to be elucidated?’-*%. Bacteria leverage the more direct shikimate pathway to produce chorismate,

which is converted to 4-HB via chorismate pyruvate lyase (UbiC)**-#!, Yeast are unique in their



ability produce head group precursor via both the shikimate and tyrosine pathways®, having a
preference for the former. Yeast can also use para-amino benzoic acid (pABA) as an alternative
head group precursor*>*, but this pABA pathway does not exist elsewhere*>#*4>. Condensation of
these two precursors is performed by homologous prenyltransferases COQ2 (in eukaryotes) or
)46

UbiA (in prokaryotes)*®, producing a polyprenyl hydroxybenzoate (PPHB) molecule ready for

head group modification.

Complex Q and a UbiB Complex

In eukaryotes, CoQ biosynthesis is achieved by an organized collection of subunits called
complex Q 7, Genetic studies demonstrated higher molecular weight species containing various
combinations of Coq proteins (Cog3-9) in yeast*®. Deletion of a single Coq gene (Cog3-9) led to
the accumulation of PPHB, the earliest intermediate of the head group modification phase®®->2,
Cogq gene deletion also consistently decreased the steady state level of other genes in the pathway*®,
Multi-omic (protein, lipid, and metabolite) mass spectrometry profiling of a 174 single gene
knockout yeast strains’® corroborated these effects. Further, affinity purification mass
spectrometry (APMS) using two mammalian cell lines highlighted a highly interconnected
network of COQ protein interactions®s. Most recently, submitochondrial fluorescent co-
localization efforts have demonstrated Coq proteins form discrete domains in yeast and human
cells>*, supporting the conserved existence of supramolecular assemblies.

Interestingly, evidence for a prokaryotic biosynthetic complex was lacking. Unlike
eukaryotes, deletion of individual genes in the E.coli CoQ biosynthesis pathway results in
predictable accumulation of the nearest upstream intermediate®, suggesting lower co-dependence

amongst the bacterial subunits. However, recent work has identified a 1 MDa Ubi complex



consisting of seven proteins, UbiE-K, that exists in the soluble fraction of E.coli extracts>®. This
supramolecular assembly includes 5 enzymes and 2 auxiliary proteins, similar to the eukaryotic
complex Q.

For decades, there has been a growing appreciation for the existence and benefit of
“metabolons” in multi-step biosynthetic pathways®’%. A metabolon is defined as a transient
assembly of multiple (often sequential) enzymes that mediate substrate channeling®’=>°. This is
especially true of challenging lipid biochemistry, where a CoQ metabolon may help to overcome
hydrophobic barriers, enhance biosynthesis flux, protect from toxic intermediates, sequester
promiscuous enzymes, or enable better regulation. Both prokaryotic and eukaryotic organism
appear to leverage this approach; however, a key difference exists. Eukaryotic complex Q has a
tight and constant association with the IMM where the Ubi complex is separated and must transport
intermediates to and from the membrane®®. In both cases, major question remain concerning the
access and movement of hydrophobic intermediates. Investigations into the composition, structure,
and regulation of these supramolecular structures should improve our understanding of how these

multimeric protein complexes overcome this biophysical barrier.

Headgroup Modification in Eukaryotes

A great deal of effort has been dedicated to defining nearly all of the enzymatic steps
needed to convert PPHB to mature CoQ (Figure 2). Headgroup modification involves a
decarboxylation, and a series of hydroxylations (three) and methylations (two O-methyl, one C-
methyl). Hydroxyl groups are derived from molecular O, and methyl groups from S-
adenosylmethionine (SAM)%-62, The reaction order is predicted to follow electrophilic aromatic

substitution (EAS) chemical logic and be influenced by enzyme active site structure, but these



hypotheses remain untested®. Of note, several enzymatic and transport steps have no assigned
enzyme, and multiple proteins essential for CoQ production are still lacking characterization
(COQA4/8/9). Significant progress has been made on understanding the auxiliary roles of COQ8
and COQ9%, but more work is needed to understand their mechanistic functions in CoQ
biosynthesis.

In eukaryotes, head group modification begins with COQ6 hydroxylation of the C5 ring
position®®, COQ6 is a flavin-containing monooxygenase that uses both FAD and NAD(P)H. In
yeast, mitochondria electron transfer proteins Yahl and Arhl may assist this transformation**63,
but human orthologs have yet to be confirmed. Next, COQ3 O-methylates PPDHB®. COQ3 is a
class 1 methyltransferase that contains a divalent cation in addition to SAM%+%, PPVA is then
decarboxylated and hydroxylated at C1, but no enzyme has yet been identified for these steps. It
is unclear whether this involves two enzyme or just one performing successive reactions. These
steps produce DDMQ, which is then C-methylated at C2 by COQ5%’, another SAM-dependent
methyltransferase. In vitro data for yeast Coq5 suggests that the reaction may require NADH as
well®®%°, DMQ is then hydroxylated by diiron hydroxylase COQ7 at the C6 position’74. And
lastly, this C6 hydroxyl group is O-methylated by COQ3 (its second reaction) to produce mature
CoQ%.

In addition to enzymatic components of the CoQ biosynthesis pathway, there are also
auxiliary proteins essential for the pathway with unknown functions (COQ4/8/9). COQ4 is
believed to serve a scaffolding or regulatory role because it co-purifies with complex Q, but does
not share homology with a known enzyme*”>77, COQ4 contains a putative metal binding site and
it is plausible that COQ4 has a yet to be defined enzymatic role”. COQO9 is a lipid binding protein

that physically interacts with COQ7 to enable its hydroxylation activity>>’%7°. Importantly, COQ9



appears to assist with CoQ intermediate presentation, especially for the COQ7 reaction. COQ8
(Coq8, COQ8A/ADCK3) belongs to the UbiB family of protein kinase-like genes and is
considered an atypical kinase. Recent in vitro work from our lab has helped us to define
characteristic structural motifs®® and demonstrate ATPase for COQ8%!. COQS8 has been proposed
to regulate CoQ biosynthesis through COQ protein phosphorylation, but these effects are indirect
and do not align with in vitro observations, namely the lack of trans phosphoryl transfer activity®!.
Currently, COQS8 is thought to function as a small molecule kinase or ATPase, but these
hypotheses need to be tested more thoroughly. Further, it is unclear what role either of these
activities would have in CoQ biosynthesis. COQ8 and other UbiB proteins are the focus of this

thesis and will be discuss in detail below.
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Figure 2. CoQ Biosynthesis Pathway in Eukaryotes (Yeast and Humans). Figure adapted from
Stefely and Pagliarini, 2017%. Scheme of eukaryotic CoQ biosynthesis with predicted human
orthologs (question marks), currently unassigned enzyme steps (circled question marks), and
essential genes with undefined functions (red circles). Pathway intermediate abbreviations: 4-HB,
4-hydroxybenzoate; 4-HBz, 4-hydroxybenzaldehyde; 4-HPP, 4-hydroxyphenolpyruvate; IPP,
isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl pyrophosphate;
FPP, farnesyl pyrophosphate; PPHB polyprenyl-hydroxybenzoate; PPDHB, polyprenyl-
dihydroxybenzoate; PPV A, polyprenyl-vanillic acid; DDMQ dimethyl-demethoxy-coenzyme Q;

DMQ dimethoxy-coenzyme Q; DeMQ, dimethyl-coenzyme Q.
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Headgroup Modification in Bacteria

Using similar strategies, much of the bacterial CoQ pathway mirrors the eukaryotic
pathway outlined above. One of the major differences comes in the first step. Unlike in eukaryotes,
the decarboxylation of PPHB in E.coli is well defined. UbiX is a flavin mononucleotide (FMN)-
containing prenyltransferase that synthesizes a unique prenylated flavin cofactor®?. This cofactor
is then used by UbiD, a Mn?* containing carboxy-lyase, to decarboxylate the C1 ring position®3.
Mitochondrial orthologs of UbiX and D have not been found in eukaryotes, suggesting other
mechanisms likely exist. Next, OPP is hydroxylated at C5 by Ubil (COQ6 ortholog), a FAD-
binding monooxygenase®*. Notably, in Aubil cells, UbiF (COQ7 ortholog) can perform this
reaction®, demonstrating that E. coli hydroxylases have greater substrate flexibility than
eukaryotes. UbiG (COQ3 ortholog), a SAM-dependent methyltransferase, O-methylates the C5
hydroxyl group®. UbiH then produces DDMQ by hydroxylating C186%7, Next, UbiE (COQ5
ortholog), another SAM-dependent methyltransferase, C-methylates C2 to produce DMQ. A third
flavin-containing monooxygenase UbiF hydroxylates C6 in the penultimate step®®. Lastly, UbiG
generates mature CoQ by O-methylating the C6 hydroxyl moiety®%%.

Similar to eukaryotes, there are several auxiliary proteins in bacteria whose functions
remain unclear but have recently emerged as key factors for overcoming hydrophobic barriers in
CoQ biosynthesis. UbiJ and UbiK are two recently discovered factors that significantly reduce
CoQ levels upon deletion®®?!, but only under aerobic conditions. Interestingly, purified UbiJ and
UbiK interact to form a complex®" and UbiJ contains a lipid binding domain that binds CoQ
intermediates®. These proteins are components of the soluble Ubi complex, and are predicted to
assist in presenting CoQ intermediates to other enzymes®. Although its function is still unclear,

UbiT has a this same lipid binding domain®? and has recently been demonstrated to bind CoQ,
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recognizing the polyprenyl tail moiety?’. This suggest that UbiT may substitute for UbiJ/K
complex under anoxic conditions. Finally, UbiB is the founding member of the UbiB family
(COQ8 ortholog). Like other proteins in this family, it shares primary sequence motifs with
eukaryotic protein kinases, but how it functions in CoQ biosynthesis remains unclear®.

Despite significant progress in understanding CoQ biosynthesis, many questions about
enzyme mechanism, missing steps, contributions of auxiliary protein, and multi-protein complex
dynamics remain. Continued investigation of this pathway will be critical for developing new

treatments to combat CoQ deficiency and metabolically-related diseases®.

The UbiB Family of Atypical Kinases

The UbiB family of protein kinase-like (PKL) genes represent an expansive group of
atypical kinases found in all domains of life, having little to no characterization. Mutagenesis work
done in E.coli during the 1960s led to the initial identification of ubiB as a gene involved in CoQ
(or ubiquinone) biosynthesis. Many years later, sequencing efforts of existing and new bacterial
and archaeal genomes”°® would highlight the extraordinary prevalence of UbiB genes (Figure
3A), as well as unique motifs common to this family. Through the early 2000s, genetic and
molecular biology studies definitively showed UbiB and yeast Cog8 to be essential genes for CoQ
biosynthesis. Further, perturbing Cog8 levels via gene deletion or overexpression impacts the
stability of other CoQ pathway genes**’. During this time, five human homologs (ADCK1-5)
were identified®® and a growing list of human diseases have been associated with these genese

(discussed in section below). Yet, the molecular functions of UbiB family proteins remain a

mystery.
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In a recent breakthrough, COQ8A (ADCK3) was purified, crystalized, and examined for
in vitro activity® (Figure 3B), representing the first mechanistic study of any UbiB family protein.
The following year, a COQ8A knockout mouse was generated to explore its pathophsyiology, and
follow-up biochemical efforts determined COQ8 is an atypical kinase®!. There are still many
outstanding questions conerning COQ8’s enigmatic function in vivo, and importantly, many other
UbiB proteins remain completely uncharacterized. Efforts to fill in these gaps across yeast, human,

and plant sytems have accelerated in recent years and are the focus of this thesis.

Discovery and Early History of UbiB

Originally discovered in 1968, the ubiB (yigR) gene was identified after performing
chemical mutagenesis on E. coli and selecting respiratory deficient strains—strains that could use
glucose and not malate as the sole carbon source®. Named for its apparent involvement in
ubiquinone (or CoQ) production, the ubiB gene was the second (or B) CoQ biosynthesis gene
discovered. Characterization of isolated ubiB mutant strains (AN59 and others) showed an

accumulation of octaprenyl phenol (OPP)!%

, an early prenylated intermediate. Decades later,
superior sequencing tools showed the AN59 strain had defects affecting the entire ubiB operon
(ubiE/ubiJ/ubiB)**. Transformation of AN59 with a plasmid containing the whole operon was
needed to restore CoQ levels—ubiB alone did not rescue CoQ production. To date, no in vitro
biochemistry has been done with UbiB and our understanding of its role in CoQ biosynthesis
remains unclear.

Understanding the role of eukaryotic homologs (yeast Coq8 and human COQ8A/ADCK3;

collectively COQ8) first began with the systematic cataloging and investigation of nuclear petite

(pet-) genes!?!. Nuclear petite strains are defined as having an intact mitochondrial genome and a
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nuclear-derived allelic mutation that confers a respiratory-deficient phenotype (petite colony size).
Analysis of this collection revealed that several pet- strains have reduced CoQ (named COQ1-8),
but the genetic identities of each of the eight mutations were not known.

Later, the gene coding for Coq8 was identified as a multicopy suppressor of respiratory
defect due a mutation in Cbhs2, a complex III subunit (cytochrome bcl complex)!?. The authors
called this gene Abcl, for activity of bel complex. Other work has referred to this gene Cabcl, or
chaperone activity of bcl complex!®. Interestingly, in yet another sequencing mistake, the
complex III defect suppression phenotype was due to a neighboring tRNA™™ gene located
downstream of 4bc1/Cog8'®. In 2001, new evidence definitively showed Coq8 is an essential
gene for CoQ biosynthesis!®. Cog8 and Abcl were found to be the same gene, and a fresh Acog8
strain was generated. Deletion of cog8 led to the accumulation early intermediate PPHB, and
complete ablation of mature CoQ. Further, Acog8 was partially rescued by supplementing with
CoQ. It was later demonstrated that introduction of human COQ8A could rescue Acog8 yeast after

10 days of growth on glycerol containing media!®

, suggesting possible functional conservation.
Additional studies will be needed to determine the differences amongst UbiB protein function in

the CoQ biosynthesis pathway.

UbiB Family are Highly Conserved, Atypical Kinases

UbiB family proteins are highly conserved and ubiquitous across domains of life’>%. This
was first appreciated in 1998 when sequencing efforts in bacteria and archaea revealed four
previously unidentified protein kinase-like (PKL) families, including the “ABC1 family™®. A
decade later, the Global Oceanic Sampling expedition significantly expanded the number of known

UbiB genes®®!%7, highlighting that UbiB proteins represent roughly 25% of the ocean microbial
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kinome (Figure 3A). Additional sequences have been identified, including 3 in yeast (S.
cerevisiae), 5 in humans®® (Figure 3C), and 17 in plants (4. thaliana)'®®. Importantly, the
abundance of available UbiB sequences has enabled detailed structural analyses of UbiB
proteins®®81% helping to classify UbiB proteins as atypical kinases. More recently, two crystal

structures of human COQS8A have been solved®*®!

, providing deeper insight into the atypical
nature of these proteins.

Based on primary sequence and secondary structure predictions, UbiB proteins are
predicted protein kinases. Structure analyses of eukaryotic protein kinases (ePKs) have identified
twelve conserved motifs (subdomains) that form the protein kinase catalytic domain!®. Although
UbiB proteins share many of these features, it was unclear whether they would adopted this same
fold in vivo. COQ8A apo®’ and substrate (nucleotide)-bound®! structures revealed a PKL fold with
the presence of a large N-terminal extension, positioned directly above the canonical substrate
pocket (Figure 3B). Interestingly, the UbiB-specific and invariant KxGQ motif (Figure 3D) is
oriented towards the putative active site, suggesting this fold is important for protein function. This
may be a conserved feature of UbiB family proteins, but structural analyses will be needed to
confirm. Several other unique structural features were observed®’. Notably, the predominantly
glycine-rich nucleotide binding loop is replaced with an alanine-rich loop, altering its nucleotide
binding preference (to ADP over ATP)¥. Using a non-hydrolyzable ATP analog, COQ8A
substrate-bound structure was determined to be largely similar to the apo form. However, two
small, hydrophobic pockets in COQ8A’s core were identified in the nucleotide-bound structure®!.
Two modest rearrangements (Q switch 1 and 2) produced a small channel near the putative active

site, large enough to accommodate a small-molecule kinase substrate. Although the KxGQ motif

still occluded the active site, molecular simulations determined that these rearrangements
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positioned catalytic residue D488 in the active conformation and K276 of the KxGQ motif
proximal to the terminal phosphate of ATP. The second pocket is partially formed by the ‘x” of
this motif and may serve as a site of allosteric regulation. Together, this suggested that despite the
occluded active site, COQ8A could adopt a conformation capable of kinase activity, likely

facilitated by the atypical positioning of the KxGQ motif.
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Figure 3.UbiB Proteins are Abundant and Highly Conserved Atypical Kinases. A, UbiB
proteins represent a large portion of the oceanic microbial kinome. This figure was generated
using data from Kannan et. al., 2007°%. B, Cartoon depiction of canonical protein kinase A (PKA,
PDB: 1ATP) and COQ8A (PDB: 4PED). C and D, Figures modified from Stefely et al., 2015%.
C, Domain structure of UbiB family proteins (bacteria, yeast, and human) and PKA (human).
MTS, mitochondrial targeting sequence; TM, transmembrane domain. D, Alignment of the
‘KxGQ’ motif within the N-terminal extension of UbiB proteins. This motif is invariant across

the family.
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COQ8 Influence over CoQ Biosynthesis and Complex Q

In 2001, yeast COQS (formerly ABCI) was definitive identified, localized to mitochondria,
and implicated as an essential gene for CoQ biosynthesis!’>. Human UbiB proteins were also
localized to mitochondrial a few years later!'!?, Similar to other coq deletion strains, Acog8 yeast
are deficient in mature CoQ and instead accumulate early precursor PPHB, supporting the
existence of a CoQ biosynthetic metabolon (complex Q)?2. This structure appears to exist in
humans as well>>>*. Further, COQ8 deletion reduces the steady state levels of other Coq
proteins?>3%, Interestingly, Coql, 2, 5, and 8 are unaffected by other cog deletion strains. A recent
integrated multi-omic analysis in single gene yeast deletion strains showed similar proteomic
phenotypes for the Coq proteins®®. However, it remains unclear how complex Q is maintained and
what role COQ8 might plays in this maintenance.

COQS8 has been associated with the matrix face of the IMM*-''.112 " and contains a
transmembrane domain that enables protein dimerization'!®. At the membrane interface, COQ8
physically interacts with COQ5 and other COQ proteins>*#!. Further, Coq8 overexpression in yeast
has been shown to stabilize subcomplexes and diagnostic intermediates in different cog deletion
strains'!#, serving as an important tool for dissecting the complicated pathway. Taken together, the
prevailing hypothesis for how COQS contributed to CoQ biosynthesis and/or stabilized complex
Q was through protein kinase activity within the CoQ pathway. Previous work leaned heavily on
indirect assays to demonstrate COQ8-dependent phosphorylation of Coq3, Coq3, and Coq7'%%!12,

This work was never validated in vitro with purified proteins. In a recent study using yeast and

mice systems, 12,000 phosphopeptides were detected®!, yet no phosphorylation was identified for
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these Coq proteins. Importantly, Coq8 was shown to lack activity in trans®!, casting serious doubt
on this original hypothesis

Recent studies demand the exploration of alternative models for how COQS8 might support
CoQ biosynthesis, namely via small-molecule kinase or ATPase activity. In support of small-
molecule kinase activity, Coq8 was shown to co-purify with early intermediates in the CoQ
synthesis pathway (octaprenyl hydroxybenzoate, OHB and octaprenyl phenol, OPP). Low level
ATPase activity was also demonstrated for recombinant Coq8 in vitro, and both of these
observations were dependent on the integrity of catalytic or UbiB-specific residues®!. Collectively,
COQ8 appears to possess unorthodox kinase-like activity that is essential for supporting CoQ

biosynthesis and the stability of complex Q.

Human UbiB Proteins and Disease

Five UbiB family proteins have been identified in humans (ADCK1-5), and each has been
associated with human disease. Of these, COQ8A (ADCK3) and COQ8B (ADCK4) have been
studied most and have established connections to CoQ biosynthesis®!:!!>!16, Dysfunction or
deletion of these proteins results in primary CoQ deficiency, manifesting in cerebellar ataxia and
kidney disease, respectively. Meanwhile, the biological roles of other ADCK proteins remain
elusive. Genome-wide knockdown studies have implicated these uncharacterized ADCK genes in

several cancer disease states, including glioblastoma multiform!!’

, estrogen receptor-positive
breast tumors!!®, altered epithelial cell migration!!?, and lung cancer!?. Interestingly, a recent
study reported that haploinsufficiency of ADCK?2 led to aberrant mitochondrial lipid oxidation and

myopathy associated with CoQ deficiency'?!, suggesting that other UbiB proteins may also have

a connection to CoQ biology.
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As novel targets for human disease intervention, significant efforts will be needed to
determine ADCK protein functions and their specific pathway associations. Historically, kinase
inhibitors have been successful chemotherapeutic agents. Notably, small-molecule modulators
have been developed for Coq8'??2 and COQ8A'?3, indicating that UbiB proteins are promising
druggable targets whose manipulation could provide therapeutic benefit for an array of different

disease states.

Yeast UbiB Family Members

Yeast (S. cerevisiae) contain three UbiB proteins—Coq8, Y1r253w (Mcp2), and Ypl109c.
All three genes have been localized to mitochondria; however, unlike matrix-facing Cogs8,
Y1r253w and Ypll09c are embedded in the IMM facing the IMS (outer face)!?*!26. Targeted
investigations employing salt, carbonate, and detergent treatments of purified mitochondria
determined YIr253w is an integral IMM protein!'?*, More recently, a pair of studies combined
heavy labeling and submitochondrial fractionation approaches with quantitative mass
spectrometry profiling to localize the yeast mitochondrial proteome!?>!2%, This work confirmed
Y1r253w localization and determined Ypl109c was also an integral IMM protein facing the IMS.

Although yeast have been used extensively to study Coq8, YIr253w and Ypl109c have no
assigned function and remain relatively uncharacterized. Previous work identified an array of
genetic interactions for Y1r253w and Ypl109¢ with lipid biosynthesis and homeostasis genes!?”-128,
Notably, Y1r253w has negative genetic interactions with all five subunits of the ER-mitochondrial
encounter structure (ERMES), a key protein tether connecting ER and mitochondria for essential

lipid and metabolite transfer. Further, Ypl109c and Y1r253w have inverse genetic relationships

with Psd1l and Upsl, two key mitochondrial enzymes involved in phosphatidylethanolamine (PE)
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and cardiolipin (CL) biosynthesis, respectively'?’. Indeed, Y1r253w was previously identified as a
high-copy suppressor of a growth defect caused by loss of the mitochondrial ERMES subunit
Mdm10'?*. More recently, three conserved YIr253w active site residues were shown to mitigate
rescue of Amdm10 yeast growth!3°.

In contrast, Ypl109c is completely uncharacterized. In 2010, Ypl109¢ was associated with
isoprenoid biosynthesis as one of 59 genes identified as having an inverse response to lovastatin
(HMG-CoA reductase, Hmg1) and zaragozic acid (squalene synthase, Erg9) inhibitors!3!. Ypl109¢
expression was elevated during zaragozic acid treatment and diminished during lovastatin
treatment. A few years later, Ypl109¢c was identified as one of 93 genes that when knocked out
caused increased respiratory growth in copper supplemented media'*?2. However, Ypl109c¢’s
relationship to isoprenoid biosynthesis and copper homeostasis remains unclear.

Collectively, YIr253w and Ypll09c appear to have intriguing associations with
mitochondrial lipid homeostasis, suggesting a conserved role of the UbiB family in lipid
maintenance. Future studies will be needed to associate these genes with a specific mitochondrial

pathway and to better understand how they might help maintain lipid homeostasis.

The UbiB Family in Plants (ABC1K)

In plants (Arabidopsis thaliana), the number of UbiB proteins (ABC1K) has greatly
expanded. 17 ABCI1K proteins are found in Arabidopsis and these are found in either plastids or
mitochondria'®. Within plastids, six ABCIK proteins are predominantly localized to
plastoglobules (PGs), thylakoid-associated monolayer lipoprotein particles containing prenyl and

133

neutral lipids and a small, rather uncharacterized proteome'->. These plant “lipid droplets™ are

believed to be key sites of prenyl lipid (a-tocopherol, plastoquinol-9 (PQ-9), and phylloquinone
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(Vitamin K;)) metabolism, functioning in both their biosynthesis and storage!%®!34 but the
metabolic purpose of these PGs is still unclear. Further, PGs have been implicated in stress and
energy regulation processes, making them important structures for plant health and survival'®>.
Previous proteomic analyses revealed that PG isolated from Arabidopsis contain just 30
proteins'*%1%7, Six ABCIK proteins (ABC1K1, 3,5,6,7, and 9) are among these, constituting 20%
of the protein diversity of this compartment. Interestingly, these proteins are evolutionarily distinct
from the ABCI1K found in plant mitochondria (ABC1K10-15), suggesting their function is likely
specific to plastid metabolism. Of note, ABC1K13 (4t4bcl) functionally complimented Acog8
yeast growth on glycerol plates'3®, but CoQ levels were not investigated. Other protein identified
in PG have been proposed to play roles in the trafficking and biosynthesis of prenyl lipids. The
most abundant proteins in PGs are Fibrillin (FBN) proteins (7 proteins, 53% protein mass)'¢, and
they are beleived to bind and transport hydrophobic small-molecules!*. VTE1 (tocopherol cylase)
and VTE3 (UbiE-like methyltransferase) are biosynthetic enzymes required for the production of
both a-tocopherol and plastochromanol-8 (a PQ-9 derivative)!'*’. In E.coli, it is worth noting that
ubiE and ubiB are found within the same operon. Here, PGs also contain orthologs of COQ5 and
COQ8, suggesting that a conserved functional relationship between the two proteins may exist.
Our understanding of ABCIK function in plant biology are currently limited, relying
heavily on gene deletion experiments. Several studies have suggested that VTEI is regulated by

14L142  An in vitro

ABCI1K-mediated phosphorylation, but there is no direct evidence
phosphorylation assay using radiolabeled ATP with purified ABC1K1 and VTE1 showed very
little VTE1 phosphorylation'#’. Additionally, this experiment lacked the proper activity-dead

ABCIKI control, making data interpretation challenging. Previous phenotypic work demonstrated

that the plant double knockout of ABC1K1 and ABC1K3 (Ak/Ak3) had reduced stress resistance
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and significant changes in the prenyl lipid compositions!#!. This was especially apparent with the
distribution of PQ-9 between PGs and thylakoid membrane. More recently, continued efforts
suggest ABCIK1 and ABC1K3 may affect the mobility and exchange of subcellular PG-9 pools
to protect against certain exogenous stress'#+!%° Additional studies will be needed to understand

how these atypical kinases might be involved in sensing and mobilizing prenyl lipids within PGs.

Do UbiB Proteins Broadly Support Quinone Homeostasis?

Over the past 5 years, our understanding of UbiB proteins has substantially matured®;
however, we are still in the nascent stages of understanding the diverse roles these proteins might
play and fundamentally how they operate to achieve these functions. COQ8 has been established
as an essential gene in CoQ biosynthesis, but its mechanism of action and how it is regulated are
still unknown. A major challenge in studying UbiB proteins is the absence of in vitro
biochemistry—many UbiB proteins are recalcitrant to recombinant protein purification, stifling
our ability to investigate protein activity and small-molecule regulators. UbiB proteins often have
transmembrane domains and are likely membrane associated, complicating attempts to truncate
proteins and maintain solubility®’.

Moving forward, two critical questions must be addressed to advance our understanding of
UbiB protein biology. First, as an atypical kinase, how does COQ8 support CoQ biosynthesis? As
a member of the ePK superfamily, an intuitive explanation for COQS8 function would be protein
phosphorylation of other biosynthetic enzymes, thus tuning pathway flux through post-
translational modifications. However, convincing evidence to support this model is absent.
Moreover, recent work suggests that COQS8 is unlikely to function as a protein kinase®’ and new

models are needed to explain its role in CoQ biosynthesis®! (Figure 4). One alternative function is



23

small-molecule kinase activity (lipid or cofactor). Chemical rational suggests that phosphorylation
of CoQ intermediates (e.g., DDMQ) may enhance subsequent reactions, but no such intermediate
has yet been identified, possibly due to product lability. Another possibility is COQS8 could act as
an ATPase (water kinase), coupling ATP hydrolysis to some mechanical output. An intriguing
possibility is that COQ8 ATPase activity could drive complex Q assembly and/or the extraction
of CoQ intermediates from the IMM. Finally, it is worth noting that COQS is unlikely a
pseudokinase. Despite the growing interest in pseudokinase biology and their non-catalytic
functions!'#, UbiB proteins have all the necessary catalytic residues for phosphoryl transfer and in
vitro activity has been demonstrated for COQ8?!.

The second question relates to functional conservation within the UbiB family.
Specifically, do UbiB proteins broadly support and/or regulate quinone homeostasis? It is well-
established that COQS orthologs support quinone production across domains of life. However,
despite our limited understanding of other UbiB homologs, there are a growing number of
interconnected clues supporting their role in lipid homeostasis. Genetic interaction profiles and

124.127.128 for yeast homologs make an interesting, yet tangential case for

phenotypic observations
their involvement in CoQ biology. Predicted to be structural similar to COQS8 (Figure 3C), these
proteins are intriguingly located on the other side of the IMM!%3:126_ positioning them for post-
production handling and submitochondrial transport of CoQ. Recent work in Arabidopsis
implicated ABC1K proteins in proper PQ-9 distribution'#*143 further supporting this hypothesis.
In yeast and humans, UbiB homologs facing the IMS physically interact with subunits of the
mitochondrial contact site and cristae organization system (MICOS)>*!47, an essential structure for

mitochondrial lipid trafficking. Collectively, these observations support investigating what role(s)

UbiB proteins have in supporting quinone production, trafficking, and degradation.
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Canonical PKL model Atypical kinase functional models
CoQ precursor/cofactor
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m ...

Ser/Thr/Tyr Complex Q Small molecule

protein kinase model ATPase model kinase model

Figure 4. Alternative Models for how COQ8 Supports CoQ Biosynthesis. Figure modified
from Stefely et al., 20163!. Direct evidence for COQ8 protein kinase activity is lacking, with
structure and in vitro data arguing against it. Alternatively, COQS8 could have atypical kinase
activity, functioning as an ATPase or small-molecule kinase to support CoQ production. ATPase
activity could seed the formation of complex Q, while phosphorylation of CoQ intermediates

could enhance biosynthetic flux.

Significance of Studying the UbiB Family

Despite having clear associations with a diverse spectrum of human disease, UbiB family
proteins remain poorly understood and our knowledge of biochemical function is extremely
limited. Mutations in COQ8A and COQS8B result in cerebellar ataxia®''!''> and steroid- resistant
nephrotic syndrome!'®, respectively. Efforts to treat these conditions with CoQ supplementation
have failed to fully alleviate symptoms!!>!48149 More broadly, other UbiB homologs have a
growing number of connections to cancer!'!’12°, highlighting them as potential therapuetic targets.
Collectively, there is a strong human health incentive to determine the mechanistic underpinnings

and pathway associations of the UbiB protein family.
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Our understanding of COQ8 serves as a model for exploring the function of other UbiB
proteins. Paired with genetic interactions data'?”-!28, phenotypic observations'>*, and defined

interaction partners>!47

, one or more UbiB proteins may participate in other aspects of CoQ
biology, such as CoQ transport. Currently, our knowledge of CoQ mobilization is exceptionally
limited and required mitochondrial machinery has yet to be identified (discussed in Chapter 3). An
intriguing possibility is that UbiB proteins participate in this pathway to regulate cellular CoQ
distribution. If so, targeting these proteins would enable chemical and genetic control over cellular
CoQ distribution, a significant asset in treating CoQ-deficient disease states.

Finally, elucidation of UbiB protein function will have important implications for ongoing
efforts to broaden our understanding of PKL superfamily genes, especially those with atypical

functions and those that remain uncharacterized’®!>°, UbiB proteins may represent a novel class

of enzyme that supports proper lipid homeostasis across the cell.
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Summary

Human COQ8A (ADCK3) and Saccharomyces cerevisiae Coq8p (collectively COQS8) are UbiB
family proteins essential for mitochondrial coenzyme Q (CoQ) biosynthesis. However, the
biochemical activity of COQS8 and its direct role in CoQ production remain unclear, in part due to
lack of known endogenous regulators of COQS8 function and of effective small molecules for
probing its activity in vivo. Here we demonstrate that COQS8 possesses evolutionarily conserved
ATPase activity that is activated by binding to membranes containing cardiolipin and by phenolic
compounds that resemble CoQ pathway intermediates. We further create an analog-sensitive
version of Coq8p and reveal that acute chemical inhibition of its endogenous activity in yeast is
sufficient to cause respiratory deficiency concomitant with CoQ depletion. Collectively, this work
defines lipid and small molecule modulators of an ancient family of atypical kinase-like proteins
and establishes a chemical genetic system for further exploring the mechanistic role of COQS in

CoQ biosynthesis.
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Introduction

The UbiB family of atypical protein kinase-like (PKL) genes is conserved across all three domains
of life!. In eukaryotes, UbiB proteins are found exclusively in mitochondria and plastids where
they have been linked to diverse processes involving cell migration, tumor cell viability, and lipid
metabolism?>*. An orthologous subset of UbiB proteins, including Escherichia coli UbiB, S.
cerevisiae Coq8p, and human COQ8A (ADCK3) and COQ8B (ADCK4), support the biosynthesis
of coenzyme Q (ubiquinone, CoQ)>°, and mutations in COQ8A and COQ8B give rise to CoQ-

related neurologic and kidney disorders, respectively’!!

. Despite these connections, the specific
biochemical activities, regulation, and direct roles of UbiB proteins in cellular processes remain
largely unclear, in part because effective tools for addressing these questions have been lacking.
To date, the only biochemical activities observed for UbiB family proteins are COQ8 cis
autophosphorylation, which is seemingly spurious, and a low-level COQ8 ATPase activity'!!2,
Additionally, structural analyses revealed that the COQ8 active site is likely sterically inaccessible
to proteinaceous substrates, suggesting that this family possesses unorthodox kinase functionality
in lieu of canonical protein kinase activity. However, many members of the protein kinase-like
(PKL) superfamily are subject to activation by lipids and small molecules, including AMPK
(AMP)!3, PKA (cAMP)!, PKC (diacylglycerol)!>!6, and AKT (phosphoinositides)!”!8, indicating
that COQS8 activity may be altered or enhanced in a similar manner. Consistently, we recently
found that Coq8p copurifies with intermediates in the CoQ pathway'!, and have shown that the
single-pass transmembrane domain of COQ8A can induce dimerization!?, together suggesting that

COQ8 activity may particularly be regulated by interactions at the membrane; however, this

remains unexplored.
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A second limitation for defining the functions of UbiB proteins has been the lack of specific
inhibitors that can be used to disrupt protein activity. While the use of COQ8 active site point
mutants in growth assays has implied the importance of COQS8 catalytic activity for CoQ
production'?2°, this has not been tested directly by chemical inhibition in vivo. Chemical-genetic
strategies have proven effective for kinase inhibition when specific inhibitors for the wild type
kinase are lacking. This approach involves mutating a “gatekeeper” residue in the ATP binding
pocket to create a larger space capable of accommodating custom, cell-permeable inhibitors that
are too bulky to bind to other kinases?!. Additionally, to enable covalent, irreversible inhibition, a
conserved valine near the active site can be mutated to a cysteine??2*, When successful, this
technique enables acute and selective inhibition of kinase activity in vivo, thereby overcoming the
caveats associated with long-term adaptions that can arise from genetic manipulation. Although

this approach has been used for various classes of kinases?*2’

, it has never been attempted for the
much more divergent and atypical UbiB family, nor for a mitochondria-localized kinase in general.

To address these limitations in investigating the UbiB family, we combined biophysical,
biochemical, computational, and chemical genetic analyses to explore the activity and regulation
of COQS. We found that ATPase activity is an evolutionarily conserved feature of COQ8 orthologs
from E. coli to humans that is enhanced by phenolic compounds resembling CoQ biosynthetic
precursors. Remarkably, we also find that mature COQS8 specifically associates with, and is
activated by, cardiolipin-containing liposomes. Finally, we establish an analog-sensitive version
of COQ8 in yeast and show that acute inhibition of endogenous COQS8 activity is sufficient to
disrupt CoQ production and cause respiratory deficiency. Overall, our work reveals lipid and small

molecule modulators of this ancient kinase-like protein, and establishes a chemical genetic tool for

the further exploration of its direct role in CoQ biosynthesis.
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Results

UbiB family ATPase activity is enhanced by phenols

To explore the ability of UbiB proteins to bind lipids and small molecules, we purified a maltose
binding protein (MBP)-tagged version of E. coli UbiB that lacks its predicted C-terminal
transmembrane (TM) domains (UbiB®47) and analyzed copurifying lipids by mass spectrometry
(Figure S1A). We found that MBP-UbiB®4’ preferentially copurifies with E. coli CoQ
biosynthesis intermediates octaprenylphenol (OPP) and octaprenylhydroxybenzoate (OHB) and
that this copurification depends on the integrity of active site residues (Figures 1A, S1B-E, and
Table S1). These data are highly consistent with our previous lipid-binding data for Coq8p,
indicating that the binding of CoQ precursors to UbiB family members is conserved from bacteria
to eukaryotes'!.

As an orthogonal approach to assessing protein-small molecule interactions, we next
performed a one-dimensional (1D) 'H NMR ligand-affinity screen of a diverse 417 compound
library using COQ8ANA20 (COQS8A lacking its mitochondrial targeting sequence and TM domain).
To do so, we introduced COQ8ANA%? to mixtures of 3-5 compounds and analyzed the resulting
line broadening and/or chemical shift changes of the 'H peaks for compounds interacting with
COQ8ANA20 Tn addition to its expected binding to adenosine, COQ8 ANA23 interacted with a total
of 25 compounds including multiple that, like OPP and OHB, are phenol derivatives (Figures 1B
and S1F and Table S2). Collectively, these data establish that COQS8 possesses an evolutionarily
conserved capacity to bind CoQ precursor-like molecules, suggesting that these molecules are

potential regulators or direct substrates of COQS.
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Figure 1. UbiB Family Members Bind CoQ Precursor-like Lipids and Small Molecules. (A)
Fold changes in the abundances of lipids copurifying with UbiB protein variants (log2[MBP-
UbiB®4’/ MBP-UbiB“*4’ D310N], n = 3) as quantified by LC-MS/MS versus statistical
significance. Different OPP and OHB adducts (e.g., OPP [M-H] and OPP [M+CI]") are shown in
red. (B) A selected region of the 'H NMR spectra for a mixture containing 3-methylcatechol (3-
MC) with and without COQ8ANA20, Asterisk (*) indicates the three benzyl hydrogens on the 3-
MC peak that exhibit line-broadening. The peaks shown around 6.3 - 6.4 ppm belong to another
compound (cis-3-chloroacrylic acid) in the mixture that is not interacting with COQ8ANA>0, See

also Figure S1 and Tables S1-S3.

The CoQ precursors that copurify with Coq8p and UbiB are difficult to synthesize and are
not commercially available; as such, to explore the functional ramifications of these COQ8-ligand
interactions, we opted to screen a variety of CoQ headgroup-like analogs (phenols and
hydroquinones) for their effect on COQS activity. To monitor ATP consuming activity, we used
the ADP-Glo assay, which measures ADP produced as a proxy for phosphoryl transfer activity.
We included the nonionic detergent Triton X-100 in our screens, as it has been shown to activate
certain membrane bound or membrane associated proteins?®?°. We found that 2-alkylphenols (2-

allylphenol and 2-propylphenol), which are structurally similar to OPP, strongly activated UbiB
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family members when in the presence of Triton X-100 (Figures 2A and S2A). This increase in
activity was seen both for wild type (WT) and the A339G (A-to-G) nucleotide-binding loop (P-
loop) mutant, which has a higher baseline ATPase and cis autophosphorylation activity likely due
to enhanced ATP binding!! (See Table S3 and Figure S2F for explanations of mutants used in this
study). The negative control D507N (D-to-N) mutant, which lacks ATP binding ability, showed
no activity (Figures 2A and S2A).

Our previous structure of COQS revealed the presence of a water molecule in the active
site bound by the glutamine (Q) of the invariant KxGQ motif that could serve as the nucleophile
for an ATPase reaction'?. As such, we hypothesized that the majority of our observed ADP
production was due to ATP hydrolysis with water, which could be detected by the production of
free phosphate using a malachite green assay. Indeed, we found a clear correlation between the
amount of activity observed in the ADP-Glo assay and the malachite green assay, demonstrating
that 2-alkylphenols with Triton X-100 increase the ATPase activity of UbiB family members
(Figures 2B and S2B). Consistently, COQ8 KxGQ domain mutations that possess markedly
enhanced cis autophosphorylation (e.g., the double A-to-G, K-to-H mutant)!!-!? show little ATPase
activity, are unable grow in respiratory media, and fail to enable CoQs production in vivo (Figures
2C, 2D, S2C, and S2D). This further demonstrates that ATPase activity, and not protein kinase-
related activity, tracks most closely with the endogenous function of COQS.

Notably, compounds that more closely mimic the mature CoQ headgroup, such as 2,6-
dimethoxyhydroquinone or CoQ1, did not greatly enhance COQ8 activity, in agreement with our
CoQ precursor binding data (Figure S2E)!!. Furthermore, the activation by 2-alkylphenols with

Triton X-100 is conserved in UbiB, Coq8p, and COQS8A, mirroring the conservation of CoQ
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precursor binding (Figure 2E). Overall, these data suggest that COQS possesses an evolutionarily

conserved ability to bind early CoQ intermediates and to be activated by 2-alkylphenols.
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Figure 2. UbiB Family Members Are Activated by Triton X-100 and 2-Alkylphenols. (A)
Screen of CoQ intermediate-like compounds with Triton X-100 in an ADP-Glo assay. 2,6-diMeO-
HQ, 2,6-dimethoxyhydroquinone; 2-MeO-HQ, 2-methoxyhydroquinone; MeHQ,
methylhydroquinone; 4-HB, 4-hydroxybenzoic acid; 3,4-diHB, 3,4-dihydroxybenzoic acid; 4-MC,
4-methylcatechol; HQ, hydroquinone; 2-MeO-6-MP, 2-methoxy-6-methylphenol; 2-AP, 2-

allylphenol; 2-PP, 2-propylphenol; 4-MeOP, 4-methoxyphenol. (B) Malachite green ATPase assay
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with COQ8ANA%? KxGQ mutants, Triton X-100, and 2-alkylphenols. Pi, inorganic phosphate. (C)
Drop assay of Acog8 transformed with KxGQ mutants. (D) Relative CoQ abundance from Acog8
transformed with Coq8p variants. Error bars represent SD of three independent experiments. (E)
Malachite green ATPase assay of UbiB family members from human, yeast, and E. coli with 2-
alkylphenols and Triton X-100. Concentration of protein used is listed under the protein name, and
reactions were incubated at 30 °C for 10 minutes rather than 45 minutes. For ATPase assays, error

bars represent SD of technical triplicate measurements. See also Figure S2 and Table S3.

Mature COQS8 is activated by liposomes

Endogenous COQS8 contains a TM domain that anchors it to the inner mitochondrial membrane
(IMM) facing the matrix where the other complex Q proteins reside and where it can potentially
interact with CoQ intermediates®*-32, This suggests that membrane association might be another
important modulator of its activity, as has been shown for other membrane-bound kinases*?. The
mature N-termini of COQ8A and Coq8p (i.e., the N-termini present after cleavage of the
mitochondrial sequences) begin 163 residues and 42 residues from the unprocessed N-terminus,
respectively!23%3435 To test the effect of an intact TM domain on COQ8 membrane association
and activity, we purified recombinant versions of the mature forms of COQ8A (COQ8ANA162) and
Coq8p (Coq8p™N44!) (Figure S3A).

Given that mature COQ8 resides on the IMM, we reasoned that mixing the protein with
liposomes that contain IMM-enriched lipids, such as cardiolipin (CL) and
phosphatidylethanolamine (PE)*¢-%, along with the abundant membrane lipid phosphatidylcholine
(PC), could have an effect on COQS8 membrane binding and activity. To test this, we first used a

liposome flotation assay to determine how effectively COQS8 binds to liposomes (Figure 3A).
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Without the TM domain, COQ8ANA2*0 exhibited moderate affinity for PC/PE/CL liposomes;
however, the addition of the TM domain enabled near complete COQ8ANA62 and Coq8pNA+!
liposome binding (Figures 3B). Strikingly, this association markedly enhanced the ATPase activity
of COQ8ANA62 and Coq8pN2#! (Figure 3C), which is several orders of magnitude higher than
autophosphorylation (Figure S3B). Similar to the results observed with phenols and Triton X-100,
KxGQ mutants were not activated by liposomes (Figure S3C). These data imply that UbiB
proteins, like other PKL family members, may be activated endogenously by binding to particular

membrane environments.
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Figure 3. COQS8 Binds to Liposomes. (A) Schematic of a liposome flotation assay. (B)
Coomassie stained SDS-PAGE from a liposome flotation assay with COQ8 and PC/PE/CL
liposomes. T; top fraction, B, bottom fraction. (C) ADP-Glo assay with COQ8 variants and
PC/PE/CL liposomes. Error bars represent SD of two independent experiments performed in

technical triplicate. See also Figure S3.

Cardiolipin specifically increases COQ8 membrane interaction and ATPase activity
To determine whether the COQ8 membrane binding and activity is driven by a particular

membrane component, we tested the ability of multiple individual lipids to activate COQ8 when
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reconstituted in PC carrier liposomes. Remarkably, from amongst the eight individual species
tested, only CL was able to activate COQS (Figure 4A). This increase in activity was matched by
the superior ability of CL to facilitate binding of COQS to liposomes, indicating that CL activation
of COQS8 is directly linked to its ability to mediate COQ8-membrane interactions (Figures 4B and
S4A). Interestingly, COQS8 lacking its TM still preferentially bound to CL-containing liposomes
(Figure S4B), but was not activated by them (Figure 3C), suggesting that the TM domain itself is
a regulatory feature of COQ8.

To test whether liposome/CL binding specifically enhances the ATPase activity of COQS8,
we performed [y-3?P]JATP kinase reactions with liposomes to follow the location of the gamma
phosphate. We also assessed autophosphorylation using SDS-PAGE and potential phosphorylation
of copurifying lipid substrates or CL using thin-layer chromatography. Consistent with the
activation of COQS8 by phenols, no autophosphorylation or lipid phosphorylation was observed
(data not shown), further supporting the hypothesis that COQ8 acts as an ATPase (Figures S4C).
Additionally, liposome activation of COQS8 did not alter its inability to phosphorylate purified
protein substrates, including complex Q proteins and myelin basic protein (Figures S4D and S4E).
Collectively, these data demonstrate that CL enables COQ8 membrane binding and enhances

COQ8 ATPase activity.

COQS8 interacts with the membrane through its signature KxGQ domain

To further explore the nature of COQ8 membrane binding and activation, we used molecular
dynamics to simulate the binding of COQ8A to membranes. Examination of the electrostatic
surface potential of the soluble domain of COQS8A revealed an extensive positive patch generated

primarily by the GQoal and GQo4 helices that likely interacts with negatively charged
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phospholipids found in the IMM, such as the CL used in our liposomes (Figures 4C and S4F). We
then used coarse-grained molecular dynamics (CG-MD) simulations to investigate the binding of
COQS8A to PC/PE/CL, mimicking the IMM-like membranes used in our liposome flotation assays,
or to PC alone, mimicking a non-IMM membrane model. Invariably, the presence of CL at
physiological concentration’® was required to induce rapid (within the first microsecond)
membrane association (Figure 4D and Movies S1 and S2) mediated by the GQal and GQo4
helices (Figures 4F), providing independent validation of our liposome flotation assay results.
Interestingly, anchoring of COQ8A at the IMM is associated with local reorganization of lipids,
featuring a strong segregation of CL species to the COQ8A interface (Figure 4E).

Our CG-MD simulations further predicted three positively charged residues of the GQal
helix (R262, R265, and K269) as the key anchor points driving initial encounter of the soluble
domain with the membrane via electrostatic interactions with cardiolipin phosphate heads (Figures
S4G and S4H). To validate the importance of these residues, we purified a triple mutant of
COQ8ANA20 (R262A,R265A,K269A; Triple A) and measured its ability to bind liposomes.
Indeed, this mutant demonstrated a large decrease in liposome association (Figures 4G and S4I).
When the corresponding mutations were introduced into COQS, its ability to rescue Acog8
respiratory deficiency was significantly diminished, suggesting that these residues may have
important ramifications for membrane binding and/or orientation in vivo (Figures 4H, S4J and
S4K). Altogether, these simulations reinforce the importance of CL for COQ8 membrane
association and suggest that the COQ8—CL interaction is driven by conserved residues in the

signature KxGQ domain.



49

A
= Liposome
& 1007 wNone
c uPC
5 807 .PCIPE
5] uPC/CL
g 601 mPC/PE/CL
8 PCICoQ,,
o 404 mPC/PG
2 = PC/PS
o 204 =PC/PA
o u PC/CDP-DAG
< 0
None wT D365N A197G wT A3390, A339G
coqspNAﬂ COQBANAIGZ
B 100 D
_. 904 — WT + PC/PE/CL — WT + PC
c g 80 < — Triple A + PC/PE/CL
2 E o
© 6 60 S
oV —
o 9 o
22 40 £
© £ g
x®%E 20 I_ )
0 - - s
Liposome:ggiééggggigggié(j%gggig §
wi o wi o
2 fRESQRRgZ 2RE8eRRQ 2
g8 3 g8 3 5
o [$)
o o
CoqapNAM COQBANMSZ
c Triple A
COQ8ANAZ4

(GQa1 mutant)

60 Glucose Glycerol

10 10°* 102 10 10* 10° 10? 10

40

20

% association
with liposomes

Triple A -

0
COQ8AN20;  WT  Triple A

Figure 4. CL Enhances the ATPase Activity of COQ8 and Liposome Binding. (A) ADP-Glo
assay with a panel of liposomes and TM domain-containing COQ8. Error bars represent SD of two
independent experiments performed in technical duplicate. (B) Liposome flotation assay with a
panel of PC based liposomes and TM domain-containing COQS8. (C) The two structures of
COQ8ANA24 on the left are colored as described previously'? and turned to show the orientation

of the electrostatic maps. The KxGQ domain is colored in purple and green in the structures on the
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left. On the right, there are electrostatic maps of COQ8ANA23* showing the positively charged
region spanning GQal, GQo4, and GQa5 (negative [—5 kcal/(molee) charge]: red, via white, to
positive [+5 kcal/(molee) charge]: blue). (D) Time evolution of the distance between the center of
mass of the protein and the center of mass of the phosphate heads of the leaflet it interacts with for
CG-MD simulations of COQ8ANA?>* with PC or PC/PE/CL liposomes or of the Triple A mutant
with PC/PE/CL liposomes. (E) Average occupancy of CL phosphate heads (red) when
COQ8ANA24 (blue) is centered throughout the trajectory. (F) Snapshot from a CG-MD simulation
(t ~ 4 ps) showing the interaction of COQ8ANA?* with a PC/PE/CL membrane. CL phosphate
heads are shown in blue, and PC/PE phosphate heads are shown in white. (G) Percent protein
associating with liposomes from a liposome flotation assay with COQ8ANA2>0 WT and the Triple
A mutant (R262A,R265A,K269A). Error bars represent SD of three independent experiments. (H)
Serial dilutions of Acoq8 transformed with Coq8p WT or the Triple A mutant
(R120A,K124A,K127A) on synthetic complete glucose (2% w/v) or glycerol (3% w/v) containing

media. See also Figure S4.

Inhibition of Coq8p-AS activity disrupts CoQ biosynthesis

Our analyses above suggest that COQS is a conserved ATPase that is activated by lipids found in
its native environment on the mitochondrial inner membrane. We next sought to determine
whether acute chemical inhibition of COQ8 activity in this native environment would be sufficient
to disrupt CoQ biosynthesis and respiratory function in yeast. To do so, we attempted to generate
an analog-sensitive (4S) version of Coq8p (Coq8p-4S) that could be covalently modified by

halomethyl ketone inhibitors?!-22-24,
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To create Coq8p-4S, we first identified the putative Coq8p gatekeeper and conserved
valine residues by performing sequence and structural alignments of Coq8p with RSK2, a kinase
amenable to covalent inhibition by halomethyl ketone inhibitors (Figures 5A and 5B)?*2. These
analyses suggested that methionine 303 (M303) is the Coq8p gatekeeper residue and that V202
occupies the position of a nonconserved cysteine present in mammalian p90 RSK family kinases.
To further test this in silico, we mutated the gatekeeper to a smaller residue (M303C), and mutated
V202 to a cysteine to enable reactivity with halomethyl ketone inhibitors (Figure 5C). Our models
indicated that the WT Coq8p nucleotide-binding pocket was incapable of accepting CMK—a
halomethyl ketone inhibitor designed specifically for kinases with a small gatekeeper and a
cysteine on B-strand 2 in place of a conserved valine—due to steric clashes with the methionine
side chain (Figures 5D and S5A). However, the M303C and V202C mutations alleviated these

steric clashes and enabled covalent modification by CMK, respectively (Figures SE and 5F).
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Figure 5. Creation of Analog-Sensitive Coq8p. (A) Structural alignment of a Coq8p homology

model based on COQS8A (PDB: 5135) with RSK2 (PDB: 4D9U). The nonconserved cysteine C436

and gatekeeper T493 residues of RSK2 are shown in cyan. The V202 and gatekeeper M303

residues of Coq8p are shown in red. (B) Primary sequence alignment of the nonconserved cysteine

and gatekeeper residues from human RSK2, human PKA, and the UbiB family. Sequence logos
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are shown for the displayed amino acid sequences. NC, nonconserved cysteine; GK, gatekeeper.
(C) Structure of CMK and its covalent adduct with Coq8p. (D) Modeling of CMK (lacking the
chlorine atom) in the active site of the homology model of Coq8p. The surface of M303 is colored
in red demonstrating a steric clash with CMK. (E) Mutation of valine 202 and methionine 303 to
cysteine (V202C,M303C) creates a binding pocket for, and allows covalent modification by,
CMK. (E) Structure of RSK2 (PDB: 4D9U) with a cyanoacrylate CMK analog*. See also Figure

Ss.

To generate this putative Coq8p-4S, we expressed and purified Cog8pN*4! V202C,M303C
from E. coli (Figure S5B). Using differential scanning fluorimetry*’, we tested the ability of
Coq8p™*! V202C,M303C to bind CMK. Consistent with the modeling predictions, only the
V202C,M303C mutant was able to bind to the inhibitor CMK, which increased the melting
temperature of the mutant by a remarkable 15 °C (Figures 6A and 6B). LC-MS/MS of an in vitro
reaction containing Coq8p-4S and CMK revealed selective covalent modification of residue C202
by CMK (Figure S6A). The V202C,M303C mutant was able to rescue Acog8 respiratory function
(Figure 6C), demonstrating that the endogenous function of the protein is intact. Accordingly, in
an in vitro ATPase assay, Coq8pN** V202C,M303C had activity in the presence of PC/CL
liposomes, but was completely inactivated by CMK (Figure 6D).

To determine the effects of endogenous Coq8p inhibition, we treated Acog8 yeast
expressing Coq8p V202C,M303C with CMK and measured respiratory function and the de novo
production of CoQ. Treatment of Coq8p-AS yeast with CMK caused a marked decrease in
respiratory function, as indicated by severely delayed growth in liquid culture, whereas this

treatment had very little effect on WT or empty vector (EV)-transformed yeast (Figure 6C). To
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assess de novo CoQ biosynthesis, yeast were grown first in glucose-based media, and were then
swapped into glycerol-based media containing heavy isotope labeled 4-hydroxybenzoic acid (**Ce-
4-HB), a precursor of the CoQ head group, and CMK (Figures 6E and S6B). Both media lacked
para-amino benzoate (pABA), an alternative CoQ precursor. Treatment of the V202C,M303C
strain with CMK caused a rapid and near complete inhibition of de novo CoQ biosynthesis
concomitant with an increase in the CoQ precursor, polyprenyl-hydroxybenzoate (PPHB) (Figures
6F and 6G). These data reveal that CMK added to yeast liquid culture is capable of accessing and
inhibiting Coq8p-A4S in its proper endogenous location within the mitochondrial matrix, and that
COQS8 catalytic activity is required for CoQ precursor processing downstream of PPHB, consistent
with earlier analyses of Acogé8 yeast and of strains harboring COQ8 mutations. Collectively, our
work defines lipid and small molecule modulators—both endogenous and custom AS-
compounds—of an ancient atypical kinase-like protein. Additionally, our establishment of a
chemical genetic system for acutely inactivating COQ8 will enable further dissection of the precise

mechanistic role of COQ8 in CoQ biosynthesis.
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Figure 6. Acute Inhibition of Coq8p-AS (V202C,M303C) with CMK Decreases De Novo CoQ

Biosynthesis. (A) Melting temperature of Coq8p variants measured with DSF. (B) AT for COQS8

variants with the inhibitor CMK. Error bars represent SD of three independent experiments

performed in technical triplicate. (C) Growth curve of Acog8 yeast transformed with Coq8p-4S

and treated with CMK (20 uM) in Ura", pABA™ glucose (0.1% w/v) and glycerol (3% w/v) media.

EV, empty vector. (D) ADP-Glo assay with Coq8p variants, PC/CL liposomes and the inhibitor

CMK. Error bars represent SD of three independent experiments performed in technical triplicate.

(E) Experimental scheme for heavy isotope labeling of CoQg and PPHBg using *Cs-4HB. (F) and

(G) Relative abundance of *Cs-CoQs (de novo synthesized CoQs) and '3Cs-PPHBg from Acog8

yeast transformed with Coq8p-A4S and treated with *C¢-4HB (50 uM) and CMK (20 uM) after 2,

4, and 6 hours in Ura", pABA™ glycerol (3% w/v) media measured using targeted LC-MS/MS.
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Asterisk (*) indicates '3C atoms; R, six isoprene units. Error bars represent SD from three

biological replicates normalized to a CoQ1o internal standard. See also Figure S6.

Discussion

Coenzyme Q was discovered 60 years ago as a key component of the mitochondrial electron
transport chain, yet multiple aspects of its biosynthesis remain obscure. One such aspect is the
unexplained need for multiple auxiliary proteins that have no clear catalytic role in the pathway,
including COQ8—a highly conserved member of the large protein kinase-like (PKL) superfamily.
Given its PKL membership, COQS8 has been proposed to fill a regulatory gap in CoQ biosynthesis
by phosphorylating other proteins in the CoQ pathway?’. However, to date, no COQ8 trans protein
kinase activity has been observed, demanding that other models for its activity be explored.

To further investigate the biochemical function of COQ8, we sought to study it in its native
environment and to establish new tools to modulate its function. Multiple members of the PKL
superfamily become activated by binding to endogenous molecules found at their sites of cellular
activity, such as the activation of PKC or Akt by diacylglycerol and phosphatidylinositol 3,4,5-
trisphosphate, respectively, at the plasma membrane!”-!34!, Furthermore, protein-lipid interactions
in general are becoming increasingly recognized as regulatory and structural features of proteins**-
4 indicating that it may be important to identify the full set of molecules that interact with COQ8
in order to elucidate its biochemical function.

Consistent with our recent results using Coq8p, our binding assays point to a conserved
and selective interaction between COQS8 and precursors in the CoQ biosynthesis pathway.
Curiously, these interactions seem to rely on the integrity of the COQS active site and result in an

increase in COQ8 ATPase activity without affecting its inability to phosphorylate proteinaceous
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substrates. In mitochondria, these precursors would most likely be found buried between the
leaflets of the inner mitochondrial membrane (IMM) due to their extreme hydrophobicity. These
data might suggest that COQS is poised to sense CoQ precursors within the membrane and to then
couple the hydrolysis of ATP to the partial extraction of these lipids into the aqueous matrix
environment where they could be modified by other CoQ biosynthesis enzymes. Alternatively, it
remains possible that the observed ATPase activity is a proxy for small molecule kinase activity
in vivo; however, as COQ8-dependent small molecule phosphorylation was not observed in our
assays, these data indicate that endogenous small molecule substrate(s) would likely be distinct
from the free hydroxyl group(s) of CoQ intermediates, the most intuitive candidate substrates.
Similar to PKC and Akt, our data also indicate that COQS is activated via interaction with
a specific lipid—cardiolipin (CL). CL is a unique anionic, four-tailed lipid found at particularly
high concentrations in the IMM where it influences the activity and stability of various

mitochondrial membrane proteins* %,

and promotes the formation of respiratory chain
supercomplexes*’. In addition to mere binding, our CG-MD simulations indicate that CL also
directs the orientation of the soluble COQS8 domain along the membrane surface, perhaps thereby
enabling COQ8’s known interactions with other COQ proteins*®** and/or with membrane-
embedded CoQ precursors. Furthermore, CL is thought to be distributed non-uniformly throughout
the IMM?®!, suggesting that the interaction of COQ8 with CL might seed complex Q formation at
strategic sub-mitochondrial locations. These observations suggest models whereby the proper
positioning of COQ8 at CL-rich domains on the mitochondrial inner membrane activates its

ATPase activity as a requisite first step in enabling complex Q assembly and/or CoQ biosynthesis,

and that exposure to CoQ intermediates at those sites can further enhance COQS function (Figure
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7). Within this context, CG-MD shows once more to be a powerful resource to understand the

molecular determinants underlying protein-lipid interplay.
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CoQ intermediate the membrane Extract CoQ Form
N and CL binding precursor’? complex Q?
e L
i ( ATP raoe OO (85 O O ATP Pi+ADP

Matrix ol X A
\ O O e LX) complex Q
coQ8- @ Scoa protelns

Figure 7. Model for How COQ8 ATPase Ability Could Facilitate CoQ Biosynthesis.

mature CoQ

First, COQ8 is imported into the matrix. Binding to CL then facilitates COQ8’s association with,
and insertion into, the IMM with its soluble domain properly oriented along the membrane surface.
Next, the CL-induced activation of COQ8 (red glow) allows it to advance CoQ biosynthesis by
coupling the hydrolysis of ATP to the extraction of CoQ precursors out of the IMM and/or to the

formation of complex Q.

More broadly, these results suggest an important and underappreciated connection between
CoQ and CL—two quintessential mitochondrial lipids that enable oxidative phosphorylation
(OxPhos). Indeed, CL has long been known to enable electron transfer between CI and CIII>2, and
in plants, CL was found to have a positive effect on the electron transfer rate from CoQ to the
photosynthetic reaction center™. Similarly, CL enhances electron transport from Complex I to
CoQ in Drosophila mitochondrial lysate>*, and the CL remodeling phospholipase Cldlp was
shown to rescue coq” hypomorphs in S. cerevisiae harboring mutations in Coq7p’s hydrophobic
a-helix that is predicted to bind the IMM?>®. These observations in conjunction with our data
suggest a model whereby enhanced CL biosynthesis may augment OxPhos function in part by

enabling the biosynthesis of CoQ via COQS.
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Testing these and other models of COQS8 function require new tools to modulate COQS8
activity in its endogenous setting where these activating molecules are present. To that end, we
developed an analog-sensitive (4S) version of yeast Coq8p (Coq8p-A4S). This chemical genetic
strategy has proven to be highly effective for elucidating the functions of other PKL family
members, but has never been attempted for the highly divergent UbiB family. Furthermore, this
approach has not been attempted for kinases that reside within organelles where they would
potentially be inaccessible to inhibitors. Our work demonstrates that endogenous chemical
inhibition of COQS is sufficient to rapidly disrupt de novo CoQ biosynthesis, further suggesting
that the catalytic activity of COQ8 is important for this pathway. Moreover, our demonstration that
a UbiB family member is amenable to a chemical genetic system suggests that this tool can
likewise be used to interrogate the functions of other family members, including Ypl109¢ and
Y1r253w (Mcp2p) in yeast, the ABCIKSs in plants, and ADCK1, 2 & 5 in humans. These proteins
have been implicated in diverse biological functions in cell migration?, tumor cell viability>>¢, and

lipid metabolism?>7-8

, each through unclear means. A chemical genetic approach would offer the
opportunity to identify functions for these proteins without the added complexity of compensatory

changes that accompany full gene knockouts.
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Significance

UbiB proteins comprise a large and ancient family of protein kinase-like (PKL) molecules that
spans all three domains of life. These proteins have been implicated in diverse cellular processes
and are mutated in human diseases; however, little is known about their direct biochemical roles
and activities. The main orthologous UbiB proteins investigated in this work—S. cerevisiae Coq8p
and human COQS8A (jointly referred to as COQS8)—exemplify this problem: they are known to
enable the biosynthesis of the key mitochondrial lipid, coenzyme Q (CoQ), but the mechanism is
unclear. Investigations into the functions of other PKL family members have benefitted greatly
from the identification of activating lipids and small molecules, and from the use of custom
inhibitors, suggesting that such tools may likewise be beneficial in elucidating how UbiB proteins
operate; however, such resources have not been established for this family. Our work helps to
address these deficiencies by defining lipid and small molecule modulators of COQ8. We
demonstrate that COQ8 exhibits a conserved ATPase activity that is activated by CoQ-like
precursors and by binding to membranes that contain cardiolipin—a prevalent mitochondrial lipid
enriched at the IMM where COQS resides. We also establish an “analog-sensitive” version of
Coq8p that can be inhibited by small molecules in vivo and use this tool to demonstrate that acute
inhibition of Coq8p is sufficient to cause CoQ deficiency and respiratory dysfunction.
Collectively, our work advances our understanding of the core COQ8 biochemical function across
evolution (ATPase activity), reveals how the positioning of COQ8 on the IMM is key to its
activation, and provides effective new tools for the further investigation of the role of COQ8 in

CoQ biosynthesis.
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STAR Methods

Key Resource Table
REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Coq8p antiserum Catherine Clarke NA

Anti-beta actin Abcam Cat#ab8224; RRID:
AB_449644

Goat anti-rabbit secondary antibody LI-COR Cat#925-32211;
RRID: AB_2651127

Goat anti-mouse secondary antibody LI-COR Cat#925-68070;
RRID: AB 2651128

Bacterial and Virus Strains

E. coli strain BL21-CodonPlus(DE3)-RIPL Agilent Cat#230280

E. coli strain DH5a. NEB Cat#C2987I

Chemicals, Peptides, and Recombinant Proteins

2,6-diMeO-HQ, 2,6-dimethoxyhydroquinone; 1,4- Sigma Aldrich Cat#565032

Dihydroxy-2,6-dimethoxybenzene

2-MeO-HQ, 2-methoxyhydroquinone Sigma Aldrich Cat#176893

4-HB, 4-hydroxybenzoic acid Sigma Aldrich Cat#H20059

3,4-diHB, 3,4-dihydroxybenzoic acid Sigma Aldrich Cat#37580

4-MC, 4-methylcatechol Sigma Aldrich Cat#M34200

HQ, hydroquinone Sigma Aldrich Cat#H9003

2-MeO-6-MP, 2-methoxy-6-methylphenol Sigma Aldrich Cat#L 167932

2-AP, 2-allylphenol Sigma Aldrich Cat#A34805

2-PP, 2-propylphenol Sigma Aldrich Cat#W352209

4-MeOP, 4-methoxyphenol Sigma Aldrich Cat#54050

MeHQ, methylhydroquinone Sigma Aldrich Cat#112968

L-a-phosphatidylcholine (Egg, Chicken); PC (Egg) Avanti Polar Lipids Cat#840051C

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7- Avanti Polar Lipids Cat#810145

nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt);

NBD-PE 18:1

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; Avanti Polar Lipids Cat#850725

PE 18:1

1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol Avanti Polar Lipids Cat#710335C

(sodium salt); CL 18:1

Coenzyme Q1o; CoQ1o Sigma Aldrich Cat#C9538

1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) Avanti Polar Lipids Cat#840475C

(sodium salt); PG 18:1

1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium Avanti Polar Lipids Cat#840035C

salt); PS 18:1

1,2-dioleoyl-sn-glycero-3-(cytidine diphosphate) Avanti Polar Lipids Cat#870520

(ammonium salt); CDP-DAG

PA 16:0 1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium | Avanti Polar Lipids Cat#830855P

salt)

Triton X-100 Sigma Aldrich Cat#T19284

Triton X-100 reduced Sigma Aldrich Cat#282103
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CMK MedChem Express Cat#HY-52101
CAS: 821794-90-5

Coenzyme Qs; CoQs Avanti Polar Lipids Cat#900150

CoQi Sigma Aldrich Cat#C7956

Ultra Pure ATP (for enzyme assays, comes with ADP- Promega Cat#Vv9102

Glo kit

SYPR)O® Orange Protein Gel Stain Invitrogen Cat#S6651

ATP (for DSF) Sigma Aldrich Cat#A2383

ADP (for DSF) Sigma Aldrich Cat#tA2754

[y-*?P]JATP Perkin Elmer Cat#BLU002A001M
Cl

S. cerevisiae Coq8pNA4! Stefely et al., 2016 N/A

S. cerevisiae Coq8pN*4" K134H Stefely et al., 2016 N/A

S. cerevisiae Coq8pN*4! A197G Stefely et al., 2016 N/A

S. cerevisiae Coq8pN*' A197G,K134H Stefely et al., 2016 N/A

S. cerevisiae Coq8pN*4' V202C,M303C This work N/A

S. cerevisiae Coq8pN*' D365N Stefely et al., 2016 N/A

E. coli MBP-UbiB®*47 (8His-MBP-TEV-UbiB®247) This work N/A

E. coli MBP-UbiB®247 K70A (8His-MBP-TEV-UbiB®47) This work N/A

E. coli MBP-UbiB®247 A133G (8His-MBP-TEV-UbiB®247) | This work N/A

E. coli MBP-UbiB®24” D310N (8His-MBP-TEV-UbiB®247) | This work N/A

E. coli MBP (8His-MBP-TEV-) This work N/A

H. sapiens COQ8ANA2%0 Stefely et al., 2015 N/A

H. sapiens COQ8ANA20 R262A R265A,K269A (Triple A) | Stefely et al., 2015 N/A

H. sapiens COQ8ANA20 K276A Stefely et al., 2015 N/A

H. sapiens COQ8ANA2%0 K276H Stefely et al., 2015 N/A

H. sapiens COQ8ANA20 Q279A Stefely et al., 2015 N/A

H. sapiens COQ8ANA2%0 A339G Stefely et al., 2015 N/A

H. sapiens COQ8ANA2%0 A339G,K276H Stefely et al., 2015 N/A

H. sapiens COQ8ANA2%0 D507N Stefely et al., 2015 N/A

H. sapiens COQ8ANA162 This work N/A

H. sapiens COQ8ANA162 A339G This work N/A

H. sapiens COQ8ANA182 A339G,D507N This work N/A

Cell-free COQ protein mix Stefely et al., 2016 N/A

M. Musculus PKA Stefely et al., 2016 N/A

CIP NEB Cat#M0290S

Myelin basic protein, dephosphorylated Millipore/Fisher Cat#NC9871399

Critical Commercial Assays

CytoPhos Endpoint Phosphate Assay Cytoskeleton Inc Cat#BK054

ADP-Glo™ Kinase Assay Promega Cat#Vv9102

Experimental Models: Organisms/Strains

S. cerevisiae strain W303 Jared Rutter lab N/A

S. cerevisiae WT background strain BY4742 (MATalpha | Thermo Cat#YSC1049

his3A1 leu2A0 lys2A0 ura3A0)

S. cerevisiae strain W303 Acoq8 Stefely et al., 2015 N/A

S. cerevisiae BY4742 Acoq8 Stefely et al., 2016 N/A

Oligonucleotides

For all primers, see Table S4 | This paper | N/A

Recombinant DNA




pVP68K Blommel et al. 2009 N/A
p426 GPD Mumberg et al. 1995 N/A
pVP68K S. cerevisiae 8His-MBP-[TEV]-Coq8pN~4! Stefely et al., 2016 N/A
pVP68K S. cerevisiae 8His-MBP-[TEV]-Coq8pN~+! Stefely et al., 2016 N/A
K134H

pVP68K S. cerevisiae 8His-MBP-[TEV]-Coq8pN~4! Stefely et al., 2016 N/A
A197G

pVP68K S. cerevisiae 8His-MBP-[TEV]-Coq8pN~4! Stefely et al., 2016 N/A
A197G,K134H

pVP68K S. cerevisiae 8His-MBP-[TEV]-Coq8pN~+! This work N/A
V202C,M303C

pVP68K S. cerevisiae 8His-MBP-[TEV]-Coq8pN~4! Stefely et al., 2016 N/A
D365N

pVP68K E. coli 8His-MBP-[TEV]-UbiB¢247 This work N/A
pVP68K E. coli 8His-MBP-[TEV]-UbiB®24” K70A This work N/A
pVP68K E. coli 8His-MBP-[TEV]-UbiB®**” A133G This work N/A
pVP68K E. coli 8His-MBP-[TEV]-UbiB®**” D310N This work N/A
pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 This work N/A
R262A,R265A,K269A (Triple A)

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
K276A

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
K276H

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
Q279A

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
A339G

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
A339G,K276H

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA250 Stefely et al., 2015 N/A
D507N

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA62 This work N/A
pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA62 This work N/A
A339G

pVP68K H. sapiens 8His-MBP-[TEV]-COQ8ANA62 This work N/A
A339G,D507N

p426 GPD S. cerevisiae COQ8 Stefely et al., 2015 N/A
p426 GPD S. cerevisiae COQ8 R120A,K124A,K127A This work N/A
p426 GPD S. cerevisiae COQ8 K134A Stefely et al., 2015 N/A
p426 GPD S. cerevisiae COQ8 K134H Stefely et al., 2015 N/A
p426 GPD S. cerevisiae COQ8 Q137A Stefely et al., 2015 N/A
p426 GPD S. cerevisiae COQ8 A197G Stefely et al., 2015 N/A
p426 GPD S. cerevisiae COQ8 A197G,K134H This work N/A
p426 GPD S. cerevisiae COQ8 V202C,M303C This work N/A
p426 GPD S. cerevisiae COQ8 D365N Stefely et al., 2015 N/A
Software and Algorithms

Topspin Bruker N/A
NMRbot Clos et al., 2013 N/A
NMRmix Stark et al., 2016 N/A
MestReNova Mestrelab Research N/A
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SWISS-MODEL Biasini, et al., 2014 https://swissmodel.e
xpasy.org/
PyMOL Schrédinger, LLC https://sourceforge.n
(Version 1.8) et/projects/pymol/
UCSF Chimera Pettersen et al., 2004 | https://www.cgl.ucsf.

edu/chimera/

GROMACS v. 5 and above

Pronk et al., 2013;
Abraham et al., 2015

http://www.gromacs.
org/Downloads

VMD

Humphrey et al., 1996

http://www.ks.uiuc.e
du/Development/Do
wnload/download.cgi
?PackageName=VM
D

ICM

Abagyan et al., 1994

http://www.molsoft.c
om/download.html

Image Studio v5.2 software

LI-COR

https://www.licor.co
m/bio/products/softw
are/image_studio/?g
clid=CjwKEAjw_PfG
BRDW_sutgMbQsm
MSJAAMpUapnCbe
DQSTBAWjOLZV7F
uyOMGKZxDTzL0X
UOTKhgx6_RoCFMr
w_wcB

SigmaPlot v13.0

SYSTAT Software

http://www.sigmaplot
.co.uk/products/sigm
aplot/sigmaplot-
details.php

COMPASS

Wenger et al., 2011

http://www.mybiosoft
ware.com/omssa-2-
1-9-msms-peptide-
spectra-
identification.html

Martini force field

Marrink et al., 2007

http://cgmartini.nl/ind
ex.php/force-field-
parameters

Other

Silica TLC

Fisher Scientific

Cat#M1057210001

TLC PEI Cellulose F, 25 Plastic sheets 20 x 20 cm

VWR

Cat#1.05579.0001

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Dave Pagliarini (dpagliairini@morgridge.wisc.edu).
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Experimental Model and Subject Details

Escherichia coli strain DH5a (NEB) was used for all cloning applications and grown at 37 °C in
LB media [tryptone (10 g/L), yeast extract (5 g/L), NaCl (5 g/L)] with antibiotics. Escherichia coli
strain BL21-CodonPlus (DE3)-RIPL (Agilent) was used for all protein expression and purification
purposes and grown in autoinduction media (900 mL TB+G, 100 mL PO4 mix, 50 mL 20x 80155,
25 mL 15% aspartate buffer, 2 mL 1M MgSO4, 2 mL 15 mg/mL chloramphenicol stock (in
ethanol), and 2 mL 60.6 mg/mL kanamycin stock). TB+G: tryptone (12 g/L), yeast extract (24
g/L), 10% (w/v) glycerol (40 mL/L) and autoclaved to sterilize. POs” mix: KH,PO4 (23.1 g/L),
K>HPO4 (125.4 g/L) and autoclaved to sterilize. 15% aspartate buffer: aspartate (150 g/L) and
NaOH (44.6 g/L) pH 6.5-7.0 and autoclaved to sterilize. 20x 80155: glucose (3 g/L), a-lactose
monohydrate (100 g/L), glycerol (160 g/L) and autoclaved to sterilize. 1M MgSQOs4, 15 mg/mL
chloramphenicol, and 60.6 mg/mL kanamycin stocks were sterilized by filtration (0.22 um pore
size). 1 x 10! E.coli cells (grown in LB with antibiotics) were seeded in 500 mL of autoinduction
media and incubated for 3 hat 37 °C and 19 h at 21 °C (230 rpm). See the following method below
for more details: Recombinant Protein Expression and Purification. For yeast rescue assays in
Figures 2C, 2D, 4H, S4J and S4K, Saccharomyces cerevisiae strain W303 was used. For the
analog-sensitive experiments (Figure 6C, 6F and 6G), Saccharomyces cerevisiae strain BY4742
was used. Ura” media contained Ura~ drop-out mix (1.92 g/L), yeast nitrogen base (6.7 g/L, with
ammonium sulfate and without amino acids), and a carbon source of glucose and/or glycerol. Ura™
media contained Ura”, pABA~ drop-out mix (770 mg/L), yeast nitrogen base (6.7 g/L, with
ammonium sulfate and without amino acids), and a carbon source of glucose and/or glycerol.

Synthetic Ura™ media were sterilized by filtration (0.22 pm pore size). See the following methods
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below for more details: Yeast Drop Assay and Growth Curves, Growth of Yeast and Extraction of

Yeast CoQs for LC-MS Quantitation, and Immunoblotting of Yeast Coq8p.

Method Details

NMR screening

One dimensional (1D) NMR ligand-affinity screens provide a quick and effective approach to
identify small molecules from a large library of compounds that interact with a protein>*-%!, We
used a 1D 'H NMR ligand affinity screen to identify interacting small molecules from a library of
417 compounds, which consists primarily of metabolites, substrates, inhibitors, etc (Table S2). To
minimize the materials required to evaluate every compound with COQ8ANA2*, the compounds
were combined into 89 mixtures of 3-5 compounds each. The mixtures were designed to minimize
'H peak signal overlap between the compounds using NMRmix®2. Two sets of NMR samples were
created for each mixture: one with COQ8AN23" and one without COQ8ANA%?, The NMR samples
were prepared in 15 mM bis-Tris-dio buffer at pH 7.4 with 250 uM NaCl, 0.04% NaN3, and 15
uM DSS in in 99.99% D>0 and placed in 3 mm SampleJet NMR tubes. Each NMR sample had a
75 uM final concentration for each compound in the mixture and a final COQ8ANA230
concentration of 6 uM in the set of samples containing protein. The NMR spectra were collected
on a Bruker Avance III 600 MHz spectrometer equipped with a 5 mM cryoprobe and a SampleJet
sample changer set at 25 °C, and Topspin v3 (Bruker) and NMRbot were used to automate the
data collection process®. The 1D 'H spectra were collected for all samples using a Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence with fi presaturation and 128 averaged transients

consisting of 16,384 time-domain points and a sweep width of 12 ppm.
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The 1D 'H spectra were phased, baseline corrected, referenced to DSS, and analyzed using
MestReNova 11 (Mestrelab Research). The spectra of the mixtures with COQ8ANA%? were
visually compared to the spectra of the mixtures without COQ8ANA20, If the peak intensities of a
compound in a mixture showed a substantial decrease (typically >50%) in the presence of
COQ8ANA20 the compound would be considered a “hit” or interacting compound. The screen of

the compound library with COQ8ANA20 identified 25 interacting compounds (Table S2).

Computational Modeling and Coarse-Grained Molecular Dynamics Simulations

All simulations were performed using the GROMACS®*%> simulation package version 5.0.4. The
systems were described with the MARTINI®® CG force field, together with the EINeDyn®’
approach to maintain the secondary and tertiary structure of the protein. CG-MD simulations based
on the MARTINI force field have been previously used with success for different systems to
investigate protein-lipid interactions®-"!,

The systems were built with center of mass of COQ8A (PDB: 4PED) 70 A away from the
surface of the membrane and checked for whether the protein approaches and interacts with the
membrane. Inner mitochondrial membrane (IMM) models were built according to the
experimental molecular ratio of CL observed for bovine heart mitochondria, namely 15 to 20% of
the phosphorus content’?. Therefore, IMM mimics were featuring a lipid concentration of 16%
CL/41% POPC/37% POPE/6% DSPC, while generic membrane models featuring 100% POPC
lipids were built as control. Lipid bilayers of 130 x 130 A? were generated using the insane (INSert
membrANE)’3 method of MARTINI. Systems were solvated with polarizable CG water and
counter ions were added to neutralize the system. Following solvation, systems were energy

minimized with a timestep of 5 fs. Successive equilibrations with decreasing restraints were
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performed in order to obtain a fully equilibrated system (force constants of 1000, 500, 250 and 0
kJ/mol applied on protein particles, 10 ns of run with a timestep of 10 fs for each). In the production
phase, which is 4 ps for all simulations, the protein, membrane and the aqueous phase (water and
ions) were coupled independently to an external bath at 310 K and 1 bar. Three MD repeats with
randomized initial velocities were performed for each membrane system and they yielded
consistent results. Average occupancy of cardiolipins was calculated using VMD’s VolMap
plugin’.

Atomistic models of the different GQa mutated COQS8A proteins were built in PyMOL by
mutating the following residues to alanine: R262, R265, K269 for AGQal; K310, K314 for
AGQo4; R262, R265, K269, K310, K314 for AGQala4; Q366, S367, N369, S370, N373, N374
for AGQa5. The effect of these mutations on the electrostatic potential surface of the protein was
visualized through the ICM-REBEL module of the ICM program”. CG-MD simulations were
performed for these four mutants following the procedure explained above, where the residues
listed for each mutant were altered by the removal of charges of the polarizable CG beads, to

knockout Coulomb interactions without changing the residue types.

Modeling of Coq8p-AS with CMK

A homology model of Coq8p-4S was generated by SWISS-MODEL using the nucleotide-bound
form of COQ8A (PDB: 5135) as a template (RMSD 0.35 A over 2264 of 2590 aligned atoms)’°.
To understand the likely position of the bulky analog CMK bound to Coq8p-4S, CMK was
superposed on the adenine ring and C1° atoms of the nucleotide in 5135 (RMSD 0.064 A over 11
paired atoms.) Clashes were relieved in UCSF Chimera by a small rigid body displacement of

CMK, adjusting torsion angles of CMK"’. The cealign PyMOL command was used to overlay the
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Coq8p homology model and RSK2 (PDB: 4D9U) (RMSD of 4.75 A over 120 residues). Sequence

logos were created with WebLogo378.

DNA Constructs and Cloning

Cloning of COQ8ANA20 Coq8pN44!, PKA, and p426 GPD COQS8 plasmids was previously
described!!"'2. For MBP-UbiB®44” and COQ8ANA162 standard PIPE cloning methods’ were used.
PIPE reactions were Dpnl digested and transformed into DH5a competent E. coli cells. Plasmids
were isolated from transformants and DNA sequencing was used to identify those containing the
correct constructs. pVP68K, a plasmid for expression of recombinant proteins in bacteria [8His-
cytoplasmically-targeted maltose-binding protein (MBP) with a linker including a tobacco etch
virus (TEV) protease recognition site fused to the protein construct (8His-MBP-[TEV]-Protein)],
has been described previously®®. Oligonucleotides were purchased from IDT (Coralville, IA,
USA). For yeast rescue experiments, COQ8 was cloned into the p426 GPD vector®!. Point

mutations were introduced by PCR-based mutagenesis and confirmed by DNA sequencing.

Recombinant Protein Expression and Purification

Human COQ8AM%? and COQ8AN??, Method adapted from!'!!2, COQ8A constructs were
overexpressed in E. coli by autoinduction (Fox and Blommel, 2009). Cells were isolated and frozen
at —80 °C until further use. For protein purification, cells were thawed, resuspended in Lysis Buffer
[20 mM HEPES (pH 7.2), 300 mM NacCl, 10% glycerol, 5 mM 2-mercaptoethanol (BME) or 0.5
mM tris(2-carboxyethyl)phosphine (TCEP), 0.25 mM phenylmethylsulfonyl fluoride (PMSF)] (4
°C). The cells were lysed by sonication (4 °C, 75% amplitude, 10 s x 3). The lysate was clarified

by centrifugation (15,000 g, 30 min, 4 °C). The cleared lysate was mixed with cobalt IMAC resin
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(Talon resin) and incubated (4 °C, 1 h). The resin was pelleted by centrifugation (700 g, 2 min, 4
°C) and washed four times with Wash Buffer [SO mM HEPES (pH 7.2), 300 mM NacCl, 10%
glycerol, 5 mM BME, 0.25 mM PMSF, 10 mM imidazole]. His-tagged protein was eluted with
Elution Buffer [20 mM HEPES (pH 7.2), 300 mM NacCl, 10% glycerol, 5 mM BME or 0.5 mM
TCEP, 0.25 mM PMSF, 100 mM imidazole]. The eluted protein was concentrated with a MW-
cutoff spin filter (50 kDa MWCO) and exchanged into Storage Buffer [20 mM HEPES (pH 7.2),
300 mM NacCl, 10% glycerol, 5 mM BME or 0.5 mM TCEP]. The concentration of 8His-MBP-
[TEV]-COQ8ANA20 was determined by its absorbance at 280 nm (¢ = 96,720 M~ cm™!) (MW =
89.9 kDa) and 8His-MBP-[TEV]-COQ8ANA12 (g = 96,720 M~! cm™!) (MW = 99.26 kDa). The
fusion protein was incubated with A238TEV protease (1:50, TEV/fusion protein, mass/mass) (1 h,
20 °C). The TEV protease reaction mixture was mixed with cobalt IMAC resin (Talon resin),
incubated (4 °C, 1 h). The resin was pelleted by centrifugation (700 g, 3 min, 4 °C). The unbound
COQS8A was collected and concentrated with a MW-cutoff spin filter (30 kDa MWCO) and

exchanged into storage buffer. The concentration of COQ8ANA230

was determined by its
absorbance at 280 nm (e = 28,880 M~! cm™") (MW = 45.6 kDa). The concentration of COQ8ANA162
was determined by its absorbance at 280 nm (& = 28,880 M~! cm™) (MW = 54.99 kDa). The protein

was aliquoted, frozen in Nz, and stored at —80 °C. Fractions from the protein preparation were

analyzed by SDS-PAGE.

Yeast Cog8p™*#!. Coq8p™N**! plasmid constructs were transformed into RIPL competent E. coli
cells for protein expression. 8His-MBP-[TEV]-Coq8pN**! was overexpressed in E. coli by
autoinduction. Cells were isolated by centrifugation, frozen in Ny, and stored at —80 °C until

further use. For protein purification, cells were thawed on ice, resuspended in Lysis Buffer [50
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mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, | mM BME, 0.25 mM PMSF, 1 mg/mL
lysozyme, pH 7.5] and incubated (1 h, 4 °C). The cells were lysed by sonication (4 °C, 6 V, 60 s
x 4). The lysate was clarified by centrifugation (15,000 g, 30 min, 4 °C). The cleared lysate was
mixed with cobalt IMAC resin (Talon resin) and incubated (4 °C, 1 h). The resin was pelleted by
centrifugation (700 g, 5 min, 4 °C) and washed four times with Wash Buffer [SO0 mM HEPES (pH
7.5), 150 mM NaCl, 5% glycerol, | mM BME, 0.25 mM PMSF, 10 mM imidazole, pH 7.5] (10
resin bed volumes). His-tagged protein was eluted with Elution Buffer [S0 mM HEPES (pH 7.5),
150 mM NaCl, 5% glycerol, 1 mM BME, 100 mM imidazole, pH 7.5]. The eluted protein was
concentrated with a MW-cutoff spin filter (50 kDa MWCO) and exchanged into storage buffer [50
mM HEPES (pH 7.5), 150 mM NacCl, 5% glycerol, 1 mM BME, pH 7.5]. The concentration of
8His-MBP-[TEV]-Coq8pN*! was determined by its absorbance at 280 nm (¢ = 109,210 M~! cm™
" (MW =96.2 kDa). The fusion protein was incubated with A238TEV protease (1:50, TEV/fusion
protein, mass/mass) (1 h, 20 °C). The TEV protease reaction mixture was mixed with cobalt IMAC
resin (Talon resin) and incubated (4 °C, 1 h). The unbound Coq8p™**! was isolated and
concentrated with a MW-cutoff spin filter (30 kDa MWCO) and exchanged into Storage Buffer.
The concentration of Coq8pN*#! was determined by its absorbance at 280 nm (¢ = 41,370 M! cm™
" (MW = 52 kDa). The protein was aliquoted, frozen in N, and stored at —80 °C. Fractions from

the protein preparation were analyzed by SDS-PAGE.

Mouse PKA. 8-His-MBP-PKA and PKA (mouse PKA, Prkaca) were isolated as described above
for Coq8p™4!. The concentration of 8His-MBP-[TEV]-PKA was determined by its absorbance at
280 nm (¢ = 121,700 M! em™!) (MW = 84.8 kDa). The concentration of PKA was determined by

its absorbance at 280 nm (e = 53,860 M~! cm™) (MW = 40.5 kDa).
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E. coli MBP-UbiB“*?” and MBP. 8His-MBP-[TEV]-UbiB“4” and 8His-MBP-[TEV]- were
overexpressed in E. coli by autoinduction. Cells were isolated and frozen at —80 °C until further
use. For protein purification, cells were thawed, resuspended in Lysis Buffer [S0 mM HEPES (pH
7.2), 300 mM NaCl, 10% glycerol (w/v), 5 mM BME, 0.25 mM PMSF] (4 °C). The cells were
lysed by sonication (4 °C, 75% amplitude, 20 s x 2). The lysate was clarified by centrifugation
(15,000 g, 30 min, 4 °C). The cleared lysate was mixed with cobalt IMAC resin (Talon resin) and
incubated (4 °C, 1 h). The resin was pelleted by centrifugation (700 g, 5 min, 4 °C) and washed
four times with Wash Buffer [20 mM HEPES (pH 7.2), 300 mM NacCl, 10% glycerol, 5 mM BME
or 0.5 mM TCEP, 0.25 mM PMSF, 10 mM imidazole]. His-tagged protein was eluted with Elution
Buffer [SO mM HEPES (pH 7.2), 300 mM NaCl, 10% glycerol, 5 mM BME, 0.25 mM PMSF, 100
mM imidazole]. The eluted protein was concentrated with a MW-cutoff spin filter (50 kDa
MWCO) and exchanged into storage buffer [S0 mM HEPES (pH 7.2), 300 mM NaCl, 10%
glycerol, 5 mM BME]. The concentration of 8His-MBP-[TEV]-MBP-UbiB®*4” was determined
by its absorbance at 280 nm (e = 142,670 M' cm™!) (MW = 102.1 kDa). 8His-MBP-[TEV]- (¢ =
67,840 M! cm™!) (MW = 44.284 kDa). The protein was aliquoted, frozen in Ny, and stored at —

80 °C. Fractions from the protein preparation were analyzed by SDS-PAGE.

Nucleotide Binding

The general differential scanning fluorimetry (DSF) method (thermal shift assay) has been
described previously*’. Mixtures (20 pL total volume) of Coq8p™**! (2 uM) were prepared with
SYPRO Orange dye (Life Tech.) (2x), NaCl (150 mM), HEPES (100 mM, pH 7.5), and ligands

(e.g. MgATP). Otherwise, the general DSF method, ligand screen, and dissociation constant



73

experiments were conducted for COQ8ANA2 as previously described!?. Coq8pN4*! proteins used

for DSF analysis were prepared as described.

ADP-Glo Assay

ADP-Glo (Promega) was performed according to the manufacturer’s instruction with the following
modifications. All solutions were diluted in HBS (150 mM NaCl, 20 mM HEPES pH 7.5).
Coq8pM24! (1 uM), COQ8ANA20 (2 or 4 uM), COQ8ANAS2 (2 uM), or MBP-UbiB“A47 (0.5 uM)
were mixed with liposomes (~3.33 mM), ATP (100 uM), MgCl> (4 mM), CMK (20 uM) or DMSO
(0.2% v/v), Triton X-100 (1 mM) or reduced Triton X-100 (I mM) (Sigma Aldrich), and CoQ
headgroup analogs (Sigma Aldrich) dissolved as 200 mM stock solutions in DMSO (2-PP, 2-
propylphenol; 2-MeO-6-MP, 2-methoxy-6-methylphenol; 4-methylcatechol; 4-HB, 4-
hydroxybenzoic acid; 2-MeO-HQ, 2-methoxyhydroquinone; 4-MeOP, 4-methoxyphenol; 2-AP,
2-allylphenol; HQ, hydroquinone; 3,4-di-HB, 3,4-dihydroxybenzoic acid; MeHQ,
methylhydroquinone; 2,6-diMeO-HQ), 2,6-dimethoxyhydroquinone) (1 mM) (final concentrations
for reaction components). Reactions were incubated (30 °C, 45 min). Then ADP-Glo Reagent (5
pL) was added and incubated (40 min, r.t. [~21 °C], covered). Kinase Detection Reagent was
added (10 pL) and incubated (40 min, r.t., covered). Luminescence was read using default values
on a Biotek Cytation 3 plate reader. An ADP/ATP standard curve was made according to the
manufacturer’s instructions. Error bars represent SD of technical triplicate measurements unless

otherwise specified.

Cytophos ATPase Assay
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The Cytophos ATPase assay (Malachite green) was performed according to the manufacturer’s
instruction with the following modifications. All solutions were diluted in HBS (150 mM NaCl,
20 mM HEPES pH 7.5). COQ8ANA20 (1 uM final), Coq8pN2#! (1 uM final), COQ8ANA1®2 (1 uM
final) or MBP-UbiB“247 (0.25 uM final) with 100 uM ATP, 4 mM MgCl,, 1 mM 2-alkylphenol,
0.5 mM CoQ1, 1 mM Triton X-100 or reduced Triton X-100. CoQ: was reduced by adding 1.2
fold molar excess of NaBH4 (Sigma) (10 min, r.t.). Reactions were incubated (30 °C, 45 min) and
35 uL of Cytophos reagent was added and incubated (10 min, r.t.). Absorbance was measured at
650 nm. Reactions in Figure 2E were incubated for 10 min rather than 45 min and [Coq8p™N44!]

was 0.5 uM. The standard curve ranged from 0-50 pM phosphate. Error bars represent SD of

technical triplicate measurements unless otherwise specified.

In Vitro [y-32P] Autophosphorylation and ATPase Comparison Assay

Method for Figure S3B. Coq8pN*! (4 uM) was mixed with [y-3?P]ATP (0.25 pCi/uL, 100 pM
[ATP]iotal) and MgCl> (4 mM) in an aqueous buffer (20 mM HEPES, 150 mM NacCl, pH 7.5) and
incubated (30 °C, 45 min, 20 pL total reaction volume) (final concentrations for reaction
components). 10 pL of reaction was quenched with 10 uL 0.75 M potassium phosphate pH 3.3, 1
uL of quenched reaction was spotted on a PEI-cellulose TLC plate and developed using the method
above. The other 10 pL of the reaction was quenched with 4 pL 4x LDS buffer and 10 pL was
loaded onto an SDS-PAGE gel. [y-**P]ATP was separated from Coq8pN44! by SDS-PAGE (10%
Bis-Tris gel, MES buffer, 150 V, 80 min). The gel was stained with Coomassie Brilliant Blue,
dried under vacuum, and imaged by digital photography. The same storage phosphor screen was
exposed to the TLC plate and the SDS-PAGE gel (1 hr) and then imaged with a Typhoon (GE) to

generate the phosphorimages used for quantification of Pi and autophosphorylation.
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In Vitro [y-?P]ATP ATPase Assay

Method for Figure S4C. Unless otherwise indicated, COQ8ANA162 (2 uM) or Cog8pN*#! (1 uM)
was mixed with liposomes (~3.33 mM), [y-*>P]ATP (0.01 uCi/uL, 100 uM [ATP]ital), and MgCl,
(4 mM) in an aqueous buffer (20 mM HEPES, 150 mM NaCl, pH 7.5) and incubated (20 pL total
volume, 30 °C, 45 min, 700 rpm) (final concentrations for reaction components). Reactions were
quenched with 0.75 M potassium phosphate pH 3.3 (20 uL, 4 °C). 1 uL of quenched reaction was
spotted on PEI-cellulose TLC (Millipore) and developed with 0.5 M LiCl in 1 M formic acidag).
After drying, a storage phosphor screen was exposed to the PEI-cellulose TLC plate (~5 hours)

and then imaged with a Typhoon (GE) to generate the phosphorimages.

In Vitro [y-?P]ATP Kinase Assay

Method for Figures S4D-S4F. Unless otherwise indicated, COQ8ANA162, Coq8pNA*! (4 uM), or
PKA (0.2 uM) was mixed with [y->*P]JATP (0.25 pCi/uL, 100 uM [ATP]ita) and MgCl, (4 mM)
in an aqueous buffer (20 mM HEPES, 150 mM NacCl, pH 7.5) and incubated (30 °C, 45 min, 700
rpm) (final concentrations for reaction components). Myelin basic protein (1 pM) and a cell-free
expressed COQ protein complex consisting of COQ3, COQ4, COQS5, COQ6, COQ7-strep, and
COQ9 (~1.5-0.1 uM). Half (10 pL) of each reaction was quenched with 4x LDS buffer. [y-
32P]ATP was separated from COQ8 by SDS-PAGE (10% Bis-Tris gel, MES buffer, 150 V, 1.5 h).
The gel was stained with Coomassie Brilliant Blue, dried under vacuum, and imaged by digital
photography. The other half (10 pL) of the reaction was quenched with 1:1 CHCl3:MeOH (50 pL,
4 °C) and 1 M HCI (12.5 pL, 4 °C). Reactions were mixed by vortexing (3 x 10 s), centrifuged

(3000 g, 1 min, 4 °C) and the aqueous layer was discarded. 10 pL of the organic layer was spotted
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on silica TLC and lipids were separated with CHCl3/MeOH/30% NHsOH.q/H20 (50:40:8:2,
v/v/v/v). A storage phosphor screen was exposed to the gel or TLC plate (~5 days) and then imaged

with a Typhoon (GE) to generate the phosphorimages.

Yeast Drop Assay and Growth Curves

Yeast cultures for drop assays. S. cerevisiae (BY4742) Acog8 yeast were transformed as previously
described®? with p426 GPD plasmids encoding Coq8p variants and grown on uracil drop-out (Ura
) synthetic media plates containing glucose (2%, w/v). Individual colonies of yeast were used to
inoculate Ura™ media (2% glucose, w/v) starter cultures, which were incubated (30 °C, ~18 h, 230
rpm). Serial dilutions of yeast (104, 10°, 102, or 10 yeast cells) were dropped onto Ura™ agar media
plates containing either glucose (2%, w/v) or glycerol (3%, w/v) and incubated (30 °C, 2 d). To
assay yeast growth in liquid media, yeast from a starter culture were swapped into Ura™ media with
glucose (0.1%, w/v) and glycerol (3%, w/v) at an initial density of 5x10° cells/mL. The cultures
were incubated in a sterile 96 well plate with an optical, breathable cover seal (shaking at 1140
rpm). Optical density readings were obtained every 10 min. For Coq8p-4S experiments, individual
colonies of S. cerevisiae (BY4742) were used to inoculate Ura™ media (20 g/L glucose) starter
cultures, which were incubated (30 °C, ~12 h, 230 rpm). Yeast were diluted to 2.5x10* cells/mL
in Ura", pABA™ media (20 g/L glucose) and incubated until early log phase (30 °C, 16 h, 230 rpm).
Yeast were swapped into Ura™, pABA™ media with glucose (0.1%, w/v) and glycerol (3%, w/v) at
an initial density of 5x10° cells/mL with or without 20 uM CMK. The cultures were incubated in
a sterile 96 well plate with an optical, breathable cover seal (shaking at 1140 rpm). Optical density

readings were obtained every 10 min.
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Growth of Yeast and Extraction of Yeast CoQg for LC-MS Quantitation

Method for Figure 2D adapted from'2. 2.5x10% yeast cells (as determined by ODgoo of a starter
culture) were used to inoculate a 25 mL culture of Ura™ media (10 g/L glucose), which was
incubated (30 °C, 230 rpm) for 23 h. At 23 h, the yeast cultures were ~4 h past the diauxic shift
and the media was depleted of glucose. The ODgoo of the culture was measured and used to
determine the volume of culture needed to isolate 1x10® yeast cells. 1x108 yeast cells were pelleted
by centrifugation in 15 mL conical tubes (4,000 g, 3 min, 4 °C) and transferred to 1.5 mL tubes
and spun again (16,000 g, 0.5 min, 4 °C), the supernatant was discarded, and the yeast pellet was
flash frozen in liquid N> and stored at —80 °C. A frozen pellet of yeast (108 yeast cells) was thawed
on ice and mixed with phosphate buffered saline (200 uL) and glass beads (0.5 mm diameter, 100
pL). The yeast were lysed by vortexing with the glass beads (30 s). Coenzyme Q1o (CoQ10) was
added as an internal standard (10 pM, 10 pL), and the lysate was vortexed (30 s). Hexanes/2-
propanol (10:1, v/v) (500 pL) was added and vortexed (2 x 30 s). The samples were centrifuged
(3,000 g, 1 min, 4 °C) to complete phase separation. 400 pL of the organic phase was transferred
to a clean tube and dried under Arg). The organic residue was reconstituted in ACN/IPA/H>O
(65:30:5, v/v/v) (100 pL) by vortexing (30 s) and transferred to a glass vial for LC-MS analysis.
Samples were stored at —80 °C.

For analog-sensitive COQS8 experiments (Figure 6), 3 mL starter cultures in Ura™ (2%
glucose, w/v) were inoculated with a single colony of yeast and incubated (30 °C, 14 h). Next, 50
mL cultures in Ura~ pABA~ (2% glucose, w/v) were inoculated with 2.5x107 cells and incubated
(30 °C, 230 rpm) until reaching an ODeoo between 1-2. Then, 1x10% cells were centrifuged (3220
g, 3 min, r.t.). The cells were resuspended in Ura”, pABA™ media (3% glycerol, w/v) containing

3Ce-4HB (50 pM) and either CMK (20 pM) or DMSO (0.2%, v/v) and incubated (30 °C, 230
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rpm). At 2, 4 and 6 h after the media swap, the ODgoo of the culture was measured and used to
determine the volume of culture needed to isolate 1x10® yeast cells. 1x108 yeast cells were pelleted
by centrifugation in 15 mL conical tubes (3,000 g, 3 min, 4 °C) and transferred to 1.5 mL tubes
and spun again (16,000 g, 0.5 min, 4 °C), the supernatant was discarded, and the yeast pellet was
flash frozen in liquid N> and stored at —80 °C. A frozen pellet of yeast (1x108 yeast cells) was
thawed on ice and mixed with water (200 uL), coenzyme Q1o (CoQio) was added as an internal
standard (20 pM, 10 pL), and glass beads (0.5 mm diameter, 100 pL). The yeast were lysed by
vortexing with the glass beads (2%30 s), and the lysate was vortexed (30 s). Cold CHCl;/MeOH
(2:1,v/v) (900 pL) was added and vortexed (2 x 30 s). Samples were acidified with HCI (1 M, 200
pL) and vortexed (2 x 30 s). The samples were centrifuged (5,000 g, 2 min, 4 °C) to complete
phase separation. 400 uL of the organic phase was transferred to a clean tube and dried under Ar(y).
The organic residue was reconstituted in ACN/IPA/H>O (65:30:5, v/v/v) (100 uL) by vortexing (2

% 30 s) and transferred to a glass vial for LC-MS analysis. Samples were stored at —80 °C.

Targeted LC-MS for Yeast CoQs

Method for Figure 2D. LC-MS analysis was performed on an Acquity CSH C18 column held at
50 °C (100 mm x 2.1 mm x 1.7 pL particle size; Waters) using (400 pL/min flow rate; Thermo
Scientific). Mobile phase A consisted of 10 mM ammonium acetate in ACN/H>O (70:30, v/v)
containing 250 pL/L acetic acid. Mobile phase B consisted of 10 mM ammonium acetate in
IPA/ACN (90:10, v/v) with the same additives. Initially, mobile phase B was held at 40% for 6
min and then increased to 60% over 3 min followed by an increase to 85% over 15 s. Mobile phase
B was then increased to 99% over 75 s where it was held for 30 s. The column was re-equilibrated

for 4 min before the next injection. 10 pL of sample was injected for each sample. The LC system
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was coupled to a Q Exactive mass spectrometer (Build 2.3 SP2) by a HESI II heated ESI source
kept at 300 °C. The inlet capillary was kept at 300 °C, sheath gas was set to 25 units, and auxiliary
gas to 10 units. For identification of CoQs and CoQ1o species, the MS was operated in positive
mode (5 kV) and masses (591.44 and 880.71, respectively) were targeted for fragmentation. AGC
target was set to 1x10° and resolving power was set to 140,000. Quantitation was performed in
Xecalibur (Thermo) by monitoring the product ion 197.08 Th, corresponding to the Q headgroup,
for each targeted mass. Error bars represent SD of three biological replicates.

For Coq8p-4S lipid samples (Figure 6D), LC-MS analysis was performed on an Acquity
CSH C18 column held at 50 °C (100 mm X 2.1 mm x 1.7 pL particle size; Waters) using an
Vanquish Binary Pump (400 pL/min flow rate; Thermo Scientific). Mobile phase A consisted of
10 mM ammonium acetate in ACN/H>O (70:30, v/v) containing 250 pL/L acetic acid. Mobile
phase B consisted of 10 mM ammonium acetate in [PA/ACN (90:10, v/v) with the same additives.
Mobile phase B was held at 50% for 1.5 min and then increased to 99% over 7.5 min where it was
held for 2 min. The column was then reequilibrated for 2.5 min before the next injection. 10 puL of
sample were injected by a Vanquish Split Sampler HT autosampler (Thermo Scientific). The LC
system was coupled to a Q Exactive mass spectrometer by a HESI I heated ESI source kept at 300
°C (Thermo Scientific). The inlet capillary was kept at 300 °C, sheath gas was set to 25 units,
auxiliary gas to 10 units, and the spray voltage was set to 4,000 V. The MS was operated in positive
mode and masses (597.46, 591.44 and 880.71, respectively) were targeted for fragmentation.
Automatic gain control (AGC) target was set to 5x10° and resolving power was set to 120,000.
Quantification was performed in Xcalibur (Thermo Scientific) by monitoring the product ion
203.10 Th (heavy CoQs) and 197.08 Th (light CoQs and CoQio), corresponding to the Q

headgroup, for each targeted mass. The MS was operated in negative mode and masses (551.42,
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550.44, 545.40 and 544.42, respectively) were targeted to quantify heavy and light CoQ
intermediates, PPHBe¢. The resulting LC-MS data were processed using TraceFinder 3.3 (Thermo
Scientific). Metabolite signals were integrated and normalized to the CoQio internal standard.

Error bars represent SD of three biological replicates.

AP-MS Lipidomics of 8His-MBP-[TEV]-MBP-UbiB¢*4’

8His-MBP-[TEV]-MBP-UbiB“2*” protein purifications were performed in biological triplicate
according to the method used above. Eq/S buffer (50 mM HEPES [pH 7.2], 300 mM NacCl, 10%
glycerol [w/v]) was added to 25 nmol of 8His-MBP-[TEV]-MBP-UbiB®44’ to bring total sample
volume to 682 puL. 20 uL of 25 uM CoQgs internal standard (in CHCl3:MeOH, 1:1, v/v) (Avanti
Polar Lipids) was added to each sample and vortex 10 s (500 pmols) (protein precipitated upon
mixing). Cold CH3Cl:MeOH (1:1, v/v, 4.3 mL) was added to each sample and mixed to form one
phase by vortexing (1 x 30 s, 4 °C). Samples were acidified by adding HCI (1 M, 30 pL) and
vortexing (2 % 30 s). Phase separation was induced by addition of saturated NaClq) (100 puL) and
mixed by vortexing (10 s). Phase separation was completed by centrifugation (3000 g, 1 min, 4
°C). Aqueous layer was discarded and 2.9 mL of the organic layer was transferred to new glass
tube and dry under Ar() (r.t., ~2 hr). The organic residue was reconstituted in ACN/IPA/ H.O
(65:30:5, v/v/v) (200 uL) by vortexing (30 s, 4 °C), bath sonication (60 s, 4 °C), and vortexing (30

s, 4 °C). Transfer 180 pL to an autosampler vial labeled, stored under Arg) at —80 °C.

LC-MS Discovery and Targeted Methods for AP-MS
Both targeted and discovery-based lipidomics of UbiB were done using the instrumentation,

column, and mobile phases described in Targeted LC-MS for yeast CoQg.
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Discovery Lipidomics. Mobile phase B started at 2% and increased to 85% over 20 min, then
increased to 99% over 1 min, where it was held for 7 min. The column was then reequilibrated for
2 min before the next injection. The LC system was coupled to a Q Exactive mass spectrometer
by a HESI II heated ESI source kept at 300 °C (Thermo Scientific). The inlet capillary was kept at
300 °C, sheath gas was set to 25 units, auxiliary gas to 10 units, and the spray voltage was set to
3,000 V. The MS was operated in polarity switching mode, acquiring both positive mode and
negative mode MS! and MS? spectra. The AGC target was set to 1x10° and resolving power to
17,500. Ions from 200-1600 m/z were isolated (Top 2) and fragmented by stepped HCD collision
energy (20, 30, 40). The resulting LC-MS/MS data were processed using Compound Discoverer
2.0 (Thermo Fisher) and an in-house-developed software suite. Briefly, all m/z peaks were
aggregated into distinct chromatographic profiles (i.e., compound groups) using a 10 p.p.m. mass
tolerance. These chromatographic profiles were then aligned across all LC-MS/MS experiments
using a 0.2 min retention time tolerance. All compound groups were compared against a matrix
run and only compound groups whose intensity was 5-fold greater were retained. MS/MS spectra
were searched against an in-silico generated lipid spectral library containing 35,000 unique
molecular compositions representing 31 distinct lipid classes. Spectral matches with a dot product
score greater than 650 and a reverse dot product score greater than 750 were retained for further
analysis. Identifications were further filtered using precursor mass, MS/MS spectral purity,
retention time, and chromatographic profile. Lipid MS/MS spectra which contained no significant
interference (<75%) from co-eluting isobaric lipids were identified at the individual fatty acid
substituent level of structural resolution. Otherwise, lipid identifications were made with the sum

of the fatty acid substituents. All lipid intensities were normalized to the total intensity of all lipids
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in the chromatogram following the void volume. Intensities of each individual lipid were divided
by the sum of the intensities for each sample and averaged across all three biological replicates.
These normalized intensities were then divided to determine fold enrichment in one condition
versus another (i.e. MBP-UbiB“4’/ MBP-UbiB“*4’7 D310N). Student’s f-test was used to

determine statistical significance. Nomenclature for lipid acyl chains is from %3.

Targeted Lipidomics for CoQ and its Intermediates. LC-MS analysis was performed on an Acquity
CSH C18 column held at 50 °C (100 mm x 2.1 mm x 1.7 pL particle size; Waters) using an
Ultimate 3000 RSLC Binary Pump (400 pL/min flow rate; Thermo Scientific). Mobile phase A
consisted of 10 mM ammonium acetate in ACN/H20 (70:30, v/v) containing 250 uL/L acetic acid.
Mobile phase B consisted of 10 mM ammonium acetate in IPA/ACN (90:10, v/v) with the same
additives. Mobile phase B was held at 50% for 1.5 min and then increased to 95% over 6.5 min
where it was held for 2 min. The column was then reequilibrated for 3.5 min before the next
injection. 10 pL of sample were injected by an Ultimate 3000 RSLC autosampler (Thermo
Scientific). The LC system was coupled to a Q Exactive mass spectrometer by a HESI II heated
ESI source kept at 300 °C (Thermo Scientific). The inlet capillary was kept at 300 °C, sheath gas
was set to 25 units, auxiliary gas to 10 units, and the spray voltage was set to 4,000 V and 5,000
V for positive and negative mode respectively. CoQ and its intermediates were targeted for
quantification. The MS was operated in positive or negative mode depending on the intermediate
being targeted. Metabolite signals were integrated and normalized to a CoQs internal standard.
Error bars represent SD of biological triplicate measurements. See Table S1 for targeted CoQ

species.
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Liposomes

Liposomes were made by drying down lipids in a 5 mL plastic tube under Arg) at room temperature
until a film was left. Liposomes were made of the following lipid (Avanti Polar Lipids)
compositions: PC, PC/NBD-PE 99.9/0.1; PC/PE, PC/PE/NBD-PE 89.9/10/0.1; PC/CL,
PC/CL/NBD-PE 89.9/10/0.1; PC/PE/CL, PC/PE/CL/NBD-PE 79.9/10/10/0.1; PC/CoQio,
PC/CoQ1¢o/NBD-PE 97.9/2/0.1; PC/PG, PC/PG/NBD-PE 89.9/10/0.1; PC/PS, PC/PS/NBD-PE
89.9/10/0.1; PC/PA, PC/PA/NBD-PE 89.9/10/0.1; PC/CDP-DAG, PC/CDP-DAG/NBD-PE
89.9/10/0.1; all mol %. The lipids were dried in a vacuum chamber overnight at 25-30 inHg
vacuum. The dry lipid film was reconstituted in HBS buffer (20 mM HEPES pH 7.5, 150 mM
NaCl) at 30-35 °C for one hour with occasional pipetting to resuspend the lipid film. The total
concentration of lipids in solution was 10 mM. 2 pL of the liposomes were taken before and after
extrusion and diluted with 22 pL of HBS to determine how much the liposomes were diluted
during extrusion by measuring the fluorescence of NBD-PE (excitation: 460 nm, emission: 535
nm). Liposomes were extruded through 100 nm membranes (Avanti Polar Lipids), 15 passes, 30—

35 °C. Liposomes were made fresh before each experiment.

Liposome Flotation Assay

Liposome flotation assay is adapted from®* with the following modifications. Liposomes (100 pL)
were mixed with protein (50 pL 6x COQS8) at 4 °C then incubated (r.t., ~10 min). Final
concentrations of reagents are as follows: 2—4 uM protein and 3.33 mM liposomes in HBS (150
mM NaCl, 20 mM HEPES pH 7.5). 2.72 M sucrose (110 pL) was added to the protein liposome
mixture (1.15 M [sucrose] final). The sucrose-liposome-protein mixture (250 pL) was added to

the ultracentrifuge tube. The sucrose gradient was made by layering 300 uLL. HBS 0.86 M sucrose,
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250 uL HBS 0.29 M sucrose, and 150 uL. HBS on top of the sucrose-liposome-protein mix. This
gradient was centrifuged (240,000 g, 1 h, 4 °C). 450 pL was removed for the top layer and 450 pLL
for the bottom layer. Liposome location was determined by mixing 8 pL of top or bottom fraction
with 16 uL. HBS and reading NBD-PE fluorescence for (excitation: 460 nm, emission: 535 nm).
To concentrate the protein from the top and bottom fractions, a CHCl3:MeOH precipitation was
performed according to®°. Methanol (1800 pL, 4 volumes) was added to a 450 L fraction. After
thorough mixing chloroform (450 pL, one volume) was added and vortexed. Water (1350 uL,
three volumes) was added and the mixture was vortexed again then centrifuged immediately at full
speed (~4,200 g, 5 min). A white disc of protein should form between the organic layer (bottom)
and the aqueous layer (upper). Discard most of the upper aqueous layer, and be careful not to
disturb the protein pellet. Methanol was added (1000 pL) to the tube, inverted 3 times, and
centrifuged at full speed (5 min, 16,000 g). All of the liquid was removed and the pellet was air or
vacuum dried. The precipitated protein pellet was resuspend in 30 uL. 1x LDS with 10 mM DTT,
incubated (95 °C, ~10 min), and analyzed with 4-12% Novex NuPAGE Bis-Tris SDS-PAGE
(Invitrogen) gels (1 hr, 150 V). Band quantification was done with imaging and densitometry on a
LI-COR Odyssey CLx (700 nm) using Image Studio v5.2 software. Error bars for Figure 4G
represent SD of three independent floats. Student’s #-test was used to determine statistical

significance.

Coq8p V202C,M303C with CMK LC-MS/MS
CMK labeling reaction. 20 pL of Coq8p (1 uM final concentration) and 20 pL. of CMK (20 uM
final concentration) were mixed and incubated (30 °C, 15 min). The samples were then flash frozen

in N2y and stored at —80 °C.
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Sample preparation. Samples were diluted 10x in 100 mM Tris pH 8, 2 M urea, and 40 mM
chloroacetamide and digested with trypsin (25:1 protein to enzyme) overnight. Sample cleanup
was performed by desalting over a polystyrene-divinylbenzene solid phase extraction (PS-DVB

SPE) cartridge (Phenomenex, Torrance, CA).

LC-MS/MS. Peptides were dissolved in 0.2% formic acid and 10% was injected onto the column
for each analysis. Separations were performed over in-house fabricated 75 pm inner diameter x
360 pm outer diameter columns with an integrated nano electrospray emitter packed 30 cm long
with 1.7 pm C18 bridged ethylene hybrid particles (Waters, Milford, MA). Samples were loaded
in 100% A (0.2% formic acid), followed by gradient elution in increasing % B (0.2% formic
acid/70% acetonitrile), and re-equilibration times in 100% A. All separations were performed with
a Thermo Dionex Ultimate 3000 RSLC-nano liquid chromatography instrument and an in house
fabricated column heater to perform separations at 50 °C*¢. Eluted peptides were analyzed on an
Orbitrap Lumos Fusion platform. All MS analyses were performed in the Orbitrap with 60,000
resolving power. Following each MS1 survey scan, MS/MS analyses were performed on the most
intense precursors for 1 second. Precursors were filtered with the quadrupole using a 2.0 Da
isolation window, fragmented with HCD collision energy = 30 NCE, and fragment ions were
analyzed in the Orbitrap. Dynamic exclusion was set to 45 seconds, Monolsotope Precursor

Selection (MIPS) was toggled on for all runs and charge states unknown, 1, or > 6 were excluded.

Data analysis. Raw files were converted to text files and scored against theoretical spectra from a

target-decoy reference proteome database, using the OMSSA search engine. The database was
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generated by downloading the P27697 sequence from Uniprot concatenating a clone of the P27697
sequence but with sites 202 and 303 converted to cysteines. Tryptic peptides were searched with
one missed cleavage. Cysteine carbamidomethylation, and CMK modification (+322.1429 Da)
and methionine oxidation were set as variable modifications. Peptides were searched with 25 ppm
tolerance on the precursor mass and 0.01 Da tolerance on fragment ion masses. The COMPASS
software suite was used to filter search results to a 1% unique peptide FDR (based on E-value and

ppm mass error)®’.

Immunoblotting of Yeast Coq8p

Single yeast colonies (strain W303) were picked and grown in Ura™ glucose (2% w/v) media (230
rpm, overnight, 30 °C). 50 mL cultures of Ura™ glucose (0.1% w/v) and glycerol (3% w/v) were
seeded with 2.5 x 10° cells and incubated (30 °C, 25 h, 230 rpm). 1 x 108 cells were collected, flash
frozen, and stored (—80 °C). The cells were resuspended in 150 pnL. NaOH/BME (prepared from 1
mL 2 M NaOH + 80 pL B-mercaptoethanol), and incubated on ice for 10 minutes, mixing every 2
minutes. 150 pL 50% TCA was added to each sample and incubated on ice for an additional 10
minutes, mixing every 2 minutes. Samples were centrifuged (14,000 g, 2 min), and the pellet was
washed with 1 mL acetone, mixed briefly, and centrifuged (14,000 g, 2 min). The supernatant was
removed and the pellet allowed to dry. Samples were resuspended in 60 pL 0.1 M NaOH. 25 pL
6x LDS sample buffer with 10 mM DTT was added and samples were incubated (95 °C, ~10 min).
Proteins were analyzed with 4-12% Novex NuPAGE Bis-Tris SDS-PAGE (Invitrogen) gels (1 hr,
150 V). The gel was transferred to PVDF membrane at 20 V for 1 h with transfer buffer (192 mM
glycine, 25 mM Tris, 20% methanol [v/v]). The membrane was blocked with 5% nonfat dry milk

NFDM) in TBST (20 mM Tris pH 7.4, 150 mM NacCl, 0.05% Tween 20 [v/v]) (1 h with agitation).
p g
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Affinity purified Coq8p antibody (1:100) and the B-actin antibody (1:5000) were diluted in 1%
NFDM in TBST and incubated with the PVDF (overnight, 4 °C with agitation). The PVDF was
washed three times in TBST and the secondary antibodies were diluted 1:15,000 in 1% NFDM in
TBST (1 h, r.t.). The membrane was washed three times in TBST and imaged. Band quantification
was done with imaging and densitometry on a LI-COR Odyessey CLx using Image Studio v5.2

software. Error bars for Figure S4K represent SD of three independent experiments.

Coq8p Antibody Affinity Purification

A 4-12% Bis Tris SDS-PAGE gel was loaded with 20 pg Coq8p™N*#! (5 ug per lane, 4 lanes
total). The Coq8p™#! was transferred to PVDF according to the procedure above. The PVDF
membrane was stained with 1x Ponceau solution (10-15 min, r.t) and washed several times with
water. The Coq8p band was cut out from the membrane. The membrane pieces were blocked
with 2% NFDM in TBST (2 h, r.t.) and washed with TBST several times. Coq8p rabbit antisera
(Catherine Clarke’s lab) was added to the membrane (overnight, 4 °C with agitation then 1 h,
r.t.). Membrane pieces were washed 6-7 times TBST. To elute bound antibodies, 600 pL of 0.2
M glycine, pH 3.0 was added to the membrane pieces and mixed (1 min). Extract was transferred
to a tube containing 36 uL (can be scaled up depending on the antisera added) of 1 M Tris-HCI
pH 8.8 to obtain a neutral pH. Affinity enriched antibody was flash frozen in Nz and stored at —

80 °C.

Quantification and Statistical Analysis



See each individual method for the associated statistical analysis. In general, p-values were
calculated using an unpaired, two-tailed, Student’s #-test. In all cases, n represents independent

replicates of an experiment.
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Figure S1, related to Figure 1. UbiB Family Members Bind CoQ Precursor-like Lipids and
Small Molecules. (A) Representative Coomassie-stained SDS-PAGE gel from MBP-UbiB“A4
protein purification for lipidomics and activity assays. (B) Fold changes in lipid abundances
(log2[(WT MBP-UbiB¢447)/(mutant or MBP)], n = 3) versus statistical significance as quantified
by LC-MS/MS. (C) Heat map of the fold changes for all identified and quantified lipids comparing
WT MBP-UbiB®47 to mutants. (D) Fold enrichment of OPP with purified protein compared to
OPP abundance in matched cell lysate samples measured using targeted LC-MS. (E) Amount of
copurifying OPP, OHB, and CoQs, measured using targeted LC-MS/MS. ND, not determined.
Error bars in D and E represent SD of biological triplicate measurements. (F) A selected region of
the '"H NMR spectra for mixtures containing adenosine (left) and naringenin (right) with and
without COQ8ANA20 Asterisks (*) indicate significant peaks for adenosine or naringenin that
exhibit line-broadening. Other peaks belong to different compounds in the mixtures that are not

interacting with COQ8ANA2%,
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Figure S2, related to Figure 2. UbiB Family Members are Activated by Triton X-100 and 2-

Alkylphenols. (A) ADP-Glo assay with COQ8ANA? variants, Triton X-100 (TX-100) or Triton

X-100 reduced, and 2-alkylphenols. (B) Malachite green assay with COQ8ANA2%0 variants,

Triton X-100 or Triton X-100 reduced, and 2-alkylphenols. Pi, inorganic phosphate. (C)

Malachite green ATPase assay with Cogq8p™**' KxGQ mutants, 2-alkylphenols and Triton X-
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100. (D) Growth curves of Acog8 yeast transformed with KxGQ mutants in Ura™, glucose (0.1%
w/v) and glycerol (3% w/v) respiratory media. (E) Malachite green ATPase assay with
COQ8ANA20 2 _alkylphenols or CoQ:. For ATPase assays, error bars represent SD of technical
triplicate measurements. (F) Structure of COQ8A (PDB: 5135) with residues highlighted and
annotated for COQ8A, Coq8p, and UbiB that are referenced in this manuscript. Black box shows

larger view of active site residues.
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Figure S3, related to Figure 3. Purification of COQ8ANA162, (A) Coomassie stained SDS-PAGE
of samples from a COQ8ANA2Y and COQ8ANA62 protein purification. (B) Direct comparison of
Coq8pN2*! ATPase (Pi) and autophosphorylation activities with or without PC/CL liposomes using
[y-*’P]ATP. (C) ADP-Glo assay with Coq8pN*#! variants and PKA along with PC/CL liposomes.

Error bars represent SD of three technical replicates.
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Figure S4, related to Figure 4. CL Enhances the ATPase Activity of COQ8 and Liposome
Binding.

(A) Coomassie-stained SDS-PAGE of the liposome flotation assay in Figure 4A with mature
COQ8 and a panel of liposomes. T, top fraction; B, bottom fraction. (B) Coomassie-stained SDS-
PAGE of the liposome flotation assay with COQS8 variants and PC/PE/CL liposomes. T, top
fraction; B, bottom fraction. (C) ADP-Glo (ADP produced) and [y-32P]ATP ATPase assay (Pi
produced) of COQ8 variants with PC or PC/CL liposomes performed in parallel. (D) Coomassie-
stained SDS-PAGE and corresponding phosphorimage of [y-32P]ATP kinase reactions. The
Coq8p D365N mutant looks active because it was overloaded. (E) Phosphorimage of silica TLC
from [y-32P]ATP kinase reactions. (F) Electrostatic maps of COQ8A with the positively charged
or polar residues on helices GQal, GQa4, and GQa5 mutated to alanine [negative (—5 kcal/(molee)
charge): red, via white, to positive (+5 kcal/(molee) charge): blue]. (G) CG-MD simulations of
different GQa mutated COQS8A proteins. Time evolution of the distance between the center of
mass of the protein and the center of mass of the phosphate heads of the leaflet with which it
interacts. Triple A mutant, R262A,R265A,K269A; GQo4 mutant, K310A,K314A; GQalo4
mutant, R262A,R265A,K269A,K310A,K314A; GQaS5 mutant,
Q366A,S367A,N369A,S370A,N373A,N374A. (H) Time evolution of the distance between
positively charged residues on COQ8A GQal and GQo4 and the closest phosphate head. (I)
Coomassie-stained SDS-PAGE of top and bottom fraction from the liposome flotation assay in
Figure 4G. +, with PC/PE/CL liposomes; -, no liposomes. (J) Representative growth curve of
Acoq8 yeast transformed with WT COQS8 or the Triple A mutant in Ura—, glucose (0.1% w/v) and
glycerol (3% w/v) respiratory media. (K) Relative abundance of Coq8p from wild type (WT) or

Acoq8 yeast overexpressing Triple A mutant Coq8p in respiratory growth. Individual data points
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are shown on the left of the bars from each immunoblot quantification. Error bars represent SD of

three independent experiments. EV, empty vector.
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Figure S5, related to Figure 5. Modeling of CMK in the Coq8p Active Site and Purification
of Coq8p™*41-4S (V202C,M303C). (A) Modeling of CMK (lacking the chlorine atom) in the
active site of the homology model of Coq8p. The surface of M303 is colored in red demonstrating
a steric clash with CMK. Mutation of valine 202 and methionine 303 to cysteine (V202C,M303C)
creates a binding pocket for and allows covalent modification by CMK. (B) Coomassie-stained

SDS-PAGE of samples from Cog8pN241-4S protein purification.
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Figure S6, related to Figure 6. CMK Covalently Modifies Coq8p™24!-A4S.

(A) Number of peptide spectral matches (PSMs) observed for CMK-modified cysteine-containing
peptides detected by LC-MS/MS analysis of an in vitro reaction with Coq8pN4! variants (1 uM)
and CMK (20 uM). (B) The eukaryotic CoQ biosynthesis pathway. Proteins in the pathway are
highlighted in green. Abbreviations for intermediates are underneath each chemical structure. IPP,
isoprenylpyrophosphate; ~ DMAPP,  dimethylallylpyrophosphate; ~ PPPP,  polyprenyl-
pyrophosphate; PPHB, polyprenyl-hydroxybenzoate; PPDHB, polyprenyl-dihydroxybenzoate;
PPVA, polyprenyl-vanillic acid; PPG, polyprenyl-guaiacol; DDMQ, demethoxy-demethyl-
coenzyme Q; DMQ, demethoxy-coenzyme Q; DMeQ, demethyl-coenzyme Q; CoQHa, reduced

coenzyme Q.
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Movie S1, related to Figure 4. CG-MD Simulation of COQS8A with PC Bilayer.

4 microseconds of production run of a CG-MD simulation of COQS8A (green) (PDB: 4PED) with
PC bilayer (phosphate heads in gray). The positively charged residues R262, R265, K269 are
colored blue.

Movie S2, related to Figure 4. CG-MD Simulation of COQ8A with PC/PE/CL Bilayer.

4 microseconds of production run of a CG-MD simulation of COQS8A (green) (PDB: 4PED) with
PC/PE/CL bilayer (PC/PE phosphate heads in gray and CL phosphate heads in red). The positively

charged residues R262, R265, K269 are colored blue.

Table S1, related to Figure 1. MBP-UbiB¢*4” AP-MS Lipidomics Data.

Table S2, related to Figure 1. List of Compounds and Hits from NMR Line-broadening
Screen.

Table S3, related to Figures 1-6. Explanation of UbiB Family Member Variants Used in this
Study.

Table S4, related to Figures 1-6. Oligonucleotide Primers Used in this Study.
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Chapter 3: CoQ Distribution and Mobilization

Author Contributions: Zachary A. Kemmerer wrote this chapter.

CoQ Distribution
Overview

In the more than 60 years since the discovery of CoQ, most of our efforts have been
dedicated to understanding how CoQ is made. Early on, however, it was discovered that CoQ is
ubiquitous in living systems—in cells!, in tissues?, and across all domains of life. This fact has
not been fully appreciated, due to the focus on mitochondrial CoQ and understanding its central
role in OxPhos and cellular respiration. Ultimately, the structure and chemical properties of CoQ
enable it to perform this canonical function in OxPhos. These same chemical properties have led
others to investigate CoQ as a potent lipophilic antioxidant, the only lipid-soluble antioxidant
produced by all cells in mammals. CoQ was originally found to inhibit lipid peroxidation in vitro
using submitochondrial particles*>. Later CoQ was demonstrated to have this effect on all
subcellular membranes®. Its intramembranous localization, abundant distribution, and capacity to
be recycled through cellular reductive mechanisms allow CoQ to be highly effective in mitigating
lipid oxidation and cell damage or death’.

Based on these unique chemical properties, exogenous CoQ has been employed for decades
against various malignancies, including cardiomyopathies®’, degenerative muscle diseases!’, and
general aging'!. Unfortunately, the results of CoQ supplementation have been inconsistent, likely

due to variable bioavailability. This may be explained by CoQ’s poor absorption—when taken
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orally, an estimated 2-4% reaches circulation!? and even less CoQ ever reaches the cellular target.
Development of improved therapeutics would benefit from a better understanding of how our cells
and tissues mobilize CoQ and how that process is regulated.

These ideas highlight major gaps that exist in our understanding of CoQ biology. First,
how does CoQ localize to every membrane throughout the cell? What are the cellular factors that
are required for this pathway and does more than one pathway exist? Second, why is CoQ found
in all cellular membranes? To date, our understanding of how CoQ functions beyond mitochondria
is limited. And third, what machinery are involved with exogenous uptake of CoQ, and does this
overlap with the endogenous trafficking machinery? Ultimately, this information would help
design improved treatments for patients with CoQ-deficiency. Over the past 50 years, some of

these questions have been addressed, but many important questions remain unanswered.

Distribution and Mobilization of Subcellular CoQ

Distribution of CoQ within cells has been generally defined by classical fractionation
schemes using various tissues and cells>!3!15, Mobility has also been assessed by employing heavy
and radiolabeled CoQ precursors!®. Surprising, large concentrations of CoQ were often found
outside of mitochondria, highlighting the importance of extra-mitochondrial CoQ pools and
supporting the need for mobilization mechanisms. Across various tissues there is significant
variability, but CoQ is most abundant in heart, kidney, liver, and muscle tissue?. Total CoQ is
known to decreases during aging, statin treatment, and is observed in various disease states
including cardiomyopathies, liver cancer, and Parkinson’s disease’. However, the possibility

remains that defects in CoQ distribution may also have detrimental consequences that result in



109

malignancy and disease. Due to our poor understanding of these pathways and of the machineries
involved, our ability to intervene is limited.

Synthesized endogenously in the mitochondrial IMM, CoQ is ubiquitous across the cell,
but how it navigates to these diverse cellular locations remains unclear (Figure 1). Due to its large
molecular size and extreme hydrophobicity, CoQ is unlikely to traverse the aqueous environment
of the cell without dedicated machinery. Therefore, two possibilities for how CoQ is derived
outside of mitochondria are: 1) mechanisms exist for localized production of CoQ at other
organelles, or 2) CoQ is synthesize in mitochondria and mobilized across the cell. In the case of
phospholipid biosynthesis, these two approaches are not mutually exclusive!”!. Tt is established

that phospholipid biosynthesis depends on a combination of pathway redundancy!®, organelle-

24-26 27-30

specific variants?*?3, dedicated lipid transport proteins®*2°, organelle tethers?’°, and vesicle-

mediated trafficking!’. These mechanisms result in organelle-specific, non-random phospholipid

distribution, but how these processes are regulated are not yet fully understood.
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Figure 1. Cellular CoQ Distribution from its Site of Synthesis in Mitochondria. Figure
modified from Stefely and Pagliarini, 20173!. CoQ is made in the IMM by complex Q before
making its way to every membrane throughout the cell. How this occurs is a longstanding
mystery in CoQ biology. Transport steps without an assigned enzyme are shown (circled

question marks).

The identification of CoQ biosynthetic machinery in other organelles’>** has led to
speculation that cells may synthesize CoQ locally to negate global distribution challenges.
However, only prenyltransferase (COQ2, UbiA) homologs*** have been identified. While it
remains possible that local hydroxylases and methylases can perform the necessary headgroup
modification, homologous headgroup modifying enzymes have yet to be identified outside of
mitochondria. Due to the ubiquity of CoQ in the cell, it seems unlikely that complex Q would be
present at all membranes for local biosynthesis. One intriguing possibility is that unidentified
machinery exists at the ER-Golgi, where vesicle-mediated transport may enhance CoQ trafficking,
under normal or stress conditions. To this effect, [1*C]tyrosine precursor labeling experiments in
rats showed that microsomal de novo CoQ production was higher than in mitochondria, suggesting
the presence of ER-localized CoQ biosynthesis®*°, Revisiting this work with modern technologies
and tools will be required to further address this possibility.

Alternatively, CoQ may be produced exclusively in mitochondria and cellular mechanisms
exist for moving CoQ across the cell. Previous work demonstrated treatment of human cells with
['4C]4-HB (headgroup precursor) led to the rapid accumulation of ["*C]CoQ1o in mitochondria,
followed by mitochondrial associated membranes, then ER and finally plasma membrane'®.

Importantly, de novo CoQ production and exogenously suppled CoQ incorporation were disrupted
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by brefeldin A (BFA)*, a potent inhibitor of the endomembrane trafficking system. This suggests
the involvement of the endo-exocytic pathway in the bi-directional cellular mobilization of CoQ.
Based on this work, CoQ derived from mitochondria flows to ER where it can then be distributed
across the cell via the endomembrane system (Figure 2A). This broad observation raises questions
about the identity of specific proteins that impact CoQ mobilization, both amongst the

endomembrane system and within mitochondria.
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Figure 2. The Putative Pathway for Cellular CoQ Distribution. Figure adapted from Stefely
and Pagliarini, 2017°!. A, After synthesis occurs in the IMM, CoQ passes through mitochondrial-
associated membranes (MAM) to the ER. Once in the ER, CoQ can enter the endomembrane
system and be packaged in the Golgi for widespread distribution across the cell. B, Transport
from the IMM to the ER may involve large protein complexes (MICOS, ERMES) that can bring
multiple membranes together in close proximity to enhance lipid trafficking. MICOS,
mitochondrial contact site and cristae organization system; ERMES, ER-mitochondria encounter

structure; vVCLAMP, vacuolar and mitochondrial patch.
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For mitochondria, membrane organization and orchestration of inter-organellar contact
sites may be critical for the mobilization of CoQ synthesized at the IMM (Figure 2B). Over the
past decade, contact site biology has become central to our understanding of cellular

3738 As a double membrane organelle,

communication, metabolism, and maintenance
mitochondria have both intra- and inter-organellar contact sites that may participate in the
mobilization of CoQ. Within mitochondria, structural integrity and organization of the highly
folded inner membrane is regulate by the mitochondrial contact site and cristae organization
system (MICOS)*. MICOS is comprised of seven protein subunits, conserved across eukaryotes,
and is crucial for maintaining mitochondrial morphology, protein import, respiratory chain
organization, and nucleoid segregation in mitochondria. At the outer mitochondrial membrane
(OMM), functional contact sites have been identified for a growing list of organelles®®. The first
and most extensively studied contact site is the yeast ER-mitochondria encounter structure
(ERMES), a multimeric protein complex that tethers ER to mitochondria®®. ERMES enables
proper cation and lipid exchange between organelles, and has been shown to influence
mitochondrial morphology and biogenesis. Although ERMES is not conserved in higher
eukaryotes, these essential functions are thought to be driven by other organelle contact sites*!#2,
In the absence of ERMES, a redundant protein tether call the vacuolar and mitochondrial patch
(VCLAMP) appears to support similar functions****, Numerous other mitochondrial contact site
exist and proteins tethers have recently been identified for peroxisome, lipid droplets, and the
plasma membrane*!. It has become clear that the cellular environment has an astounding degree

of interconnectedness, and mitochondria are seemingly at the center of this complicated organelle

web.
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To date, no protein has been assigned to cellular CoQ mobilization from mitochondria.
Previous reports suggested that saposin B binds and transports CoQ1¢*>*®, but this protein is
localized exclusively in lysosomes and this work has not been independently confirmed.
Considering how CoQ would get from its site of synthesis in the IMM to the ER, it must traverse
the IMS, the OMM, and the cytosol before arriving at the ER lumen (or other organelle
membranes). As such, we expect that a collection of proteins will be involved in moving CoQ
beyond the IMM (Figure 2B). One possibility is that mitochondrial contact sites juxtapose
membranes in close proximity for non-vesicle mediated lipid transfer (NVM)!®, Some examples
of NVM lipid transfer include the formation of a hydrophobic conduit (e.g., ERMES), lipid
transport proteins (e.g., Ups1/2 for phosphatidic acid and phosphatidylserine, respectively?¢), and
transient membrane hemifusion. In support of this hypothesis, recent work in yeast revealed that
MICOS subcomplexes assemble in proximity to ER at ERMES contact sites*’. Further,
overexpression of Vps39, which induces mitochondria-vacuole contact sites, caused one MICOS
subcomplex to reorganize to vacuolar contact sites (VCLAMP). Together, this hints that MICOS
may has a functional association with these contact sites tethers, perhaps to support proper cristae
structure or metabolite transfer. In two recent yeast studies, submitochondrial fluorescent co-
localization demonstrated that complex Q is also proximal to ERMES*#° suggesting a tight
juxtaposition of these three membranes. Based on these observations, it appears the membrane
organization within and beyond mitochondria are well positioned to minimize hydrophobic
barriers associated with CoQ transport (Figure 2B). Moving forward, screening approaches and
detailed biochemistry will be needed to identify the mitochondrial machinery responsible for

mobilizing CoQ across the cell.
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Cellular CoQ Uptake

Efficacy of CoQ supplementation is often hard to predict in human patients, due to its poor
absorption rates and limited bioavailability. Moreover, our understanding of the cellular CoQ
uptake pathway and mechanisms are severely lacking. Identification of factors involved in this
pathway would help in the development of better delivery strategies, which are needed for a host
of disease states involving CoQ deficiency®!!.

Recent work in yeast investigated what cellular machinery might play a role in CoQ uptake.
Using a Acog3 respiratory deficient strain, four genes involved in the endocytic pathway—FErg?2,
Pepl2, Tlg2, and Vps45—were shown to ablate CoQs uptake rescue®. Another study used a
similar strategy, generating 40 Acog2 double knockout yeast strains with genes predicted to be
involved with CoQ uptake®!, including the four previously identified endocytosis genes. Of these,
17 showed diminished growth during CoQs uptake rescue and five strains displayed greater rescue
by CoQ: than CoQs. Together, these studies provide evidence in yeast of the involvement of the
endomembrane system in moving CoQ across the cells. Using targeted methods against the human
orthologs will be of interest to determine whether these effects are conserved in humans. In the
future, genome-wide and mitochondrial-specific screens will be needed to uncover mitochondrial

machinery and other cellular components essential for CoQ uptake, as well as CoQ mobilization.

Significance—A Recent Example of Extra-mitochondrial CoQ Function

CoQ functions as a potent antioxidant exclusively in its reduced state, CoOQH»>2. Cellular
reduction, either by a protein reductase or other reducing equivalent in the cell, is required to
regenerate and maintain this reductive state®. A number of proteins have been demonstrated to

reduce CoQ, including mitochondrial OxPhos complexes, DHODH, ETFDH, and GPDH>.
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Beyond mitochondria, other reductases have been identified, namely plasma membrane
NAD(P)H:quinone reductase 1 (NQOI, formerly DT-diaphorase) and NADH-cytochrome bs,
placing CoQ at the center of an important cellular boundary redox system>>. A similar system
exists in yeast as demonstrated by Acog3 yeast having diminished NADH-reductase activity at the
plasma membrane®®. This activity was restored upon replacement of the Cog3 gene or CoQ
supplementation.

In 2019, two groups simultaneously identified a new NADH-oxidoreductase that catalyzes
FAD-dependent CoQ reduction at the plasma membrane>”-8, Published in Nature, this work details
how FSP1-dependent CoQ reduction prevents toxic lipid peroxidation and consequently
ferroptosis, a type of regulated cell death®. NQO1 was examined by both groups to determine if
other reductases could support this same function. Deletion of NOO! did not affect cells treated
with RSL3 (GPX4 inhibitor, ferroptosis inducer) and plasma membrane targeted NQO1-GFP
could not rescue cells lacking FSPI°7. Differences in kinetic parameters may explain this
observation, with FSP1 having a significantly higher maximum rate of reaction than NQO1 (FSP1
Vimax = 4.1x1077 Ms™'; NQOI1 Vmax = 6.1x10° Ms™)3. Together, these data indicate that FSP1 has
a unique ability to utilize plasma membrane CoQ pools to suppress ferroptosis, an important

regulatory pathway for proper cellular function.
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Figure 3. CoQ Mitigates Ferroptosis at the Plasma Membrane. Schematic of CoQ-dependent
prevention of ferroptosis by plasma membrane oxidoreductase FSP1. In the absence of GPX4
(glutathione peroxidase 4) activity, lipid oxidative stress accumulates and leads to ferroptotic cell
death. Reduced CoQH: generated by FSP1 functions as an orthogonal system in human cells to
maintain lipid homeostasis. RSL3, small-molecule GPX4 inhibitor; iFSP1, small-molecule FSP1

inhibitor.

Recent work suggest that activation and inhibition of the ferroptosis pathway has clear
implications for combatting human disease®’. Thus, significant efforts are being dedicated to fully
elucidate the biological networks impacting ferroptosis®!. These discoveries highlights the
necessity and importance of investigating CoQ distribution and mobilization. Understanding how
CoQ exits mitochondria en route to other cellular locations may afford new opportunities for

clinical intervention®.
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Abstract

Coenzyme Q (CoQ, or ubiquinone) is a redox-active lipid essential for many core metabolic
processes in mitochondria, including oxidative phosphorylation!-. While lesser appreciated, CoQ
also serves as a key membrane-embedded antioxidant throughout the cell*. However, how CoQ is
mobilized from its site of synthesis on the inner mitochondrial membrane to other sites of action
remains a longstanding mystery. Here, using a combination of yeast genetics, biochemical
fractionation, and lipid profiling, we identify two highly conserved but poorly characterized
mitochondrial proteins, Ypl109¢ (Cqdl) and YIr253w (Cqd2), that reciprocally regulate this
process. Loss of Cqdl skews cellular CoQ distribution away from mitochondria, resulting in
markedly enhanced resistance to oxidative stress caused by exogenous polyunsaturated fatty acids
(PUFAs), whereas loss of Cqd2 promotes the opposite effects. The activities of both proteins rely
on their atypical kinase/ATPase domains, which they share with Coq8—an essential auxiliary
protein for CoQ biosynthesis. Overall, our results reveal new protein machinery central to CoQ
trafficking in yeast and lend new insights into the broader interplay between mitochondrial and

cellular processes.
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Results

Extramitochondrial CoQ combats oxidative stress

To our knowledge, no proteins have yet been directly associated with cellular CoQ trafficking
from mitochondria, but the extreme hydrophobicity of CoQ suggests that this process likely
requires dedicated machinery. We sought to identify such proteins by exploiting CoQ’s
extramitochondrial antioxidant role. Budding yeast (Saccharomyces cerevisiae) lacking CoQ or
phospholipid hydroperoxide glutathione peroxidases (PHGPx) are sensitive to the oxidative stress
conferred by exogenous polyunsaturated fatty acids (PUFAs), such as linolenic acid (18:3)>5. To
force cells into relying more heavily on the antioxidant properties of CoQ, we deleted all three
PHGPx genes in W303 S. cerevisiae (Agpx1Agpx2Agpx3, hereafter referred to as Agpx1/2/3). We
validated that this strain is sensitized to 18:3 treatment and demonstrated that this sensitivity is
dampened when cellular CoQ levels are augmented through supplementation with the soluble CoQ
precursor 4-hydroxybenzoate (4-HB) (Fig. 1a-b). Importantly, the CoQ analog decylubiquinone
was markedly more effective at protecting against PUFA stress than its mitochondria-targeted
counterpart, mitoquinone, suggesting that extramitochondrial CoQ is the predominant mediator of
PUFA resistance (Fig. 1¢). This is consistent with previous data showing that exogenous PUFAs
are incorporated into endogenous membranes slowly, and therefore, populate non-mitochondrial
membranes first®. Thus, we established a strain whose survival in the presence of PUFAs is

especially dependent on extramitochondrial CoQ.



125

O opm18:3 M 17.5uM18:3
a O5uMm183 W 25uM18:3

O 8.75uM 18:3 M 35uM 18:3

O 125pM 18:3 M 50 uM 18:3

0.5

Growth rate (mODg,/min)

WT WT + 4-HB Agpx1/2/3 Agpx1/2/3 + 4-HB

1001 o8 o . .

50

e DecylQ
p MitoQ

pmol CoQg/ 1€7 cells
o
% Growth rescue

- T T T !
Q O R 0 10 20 30 40
& = *\\q) W .
é&* VQ'Q \be [quinone] (uM)
+\\(L

S
Figure 1. Extramitochondrial CoQ combats oxidative stress. a, Growth rate of wild type (WT)
and Agpx1/2/3 yeast in synthetic complete media minus para-aminobenzoate (pABA—) containing
2% (w/v) glucose (mean + SD, n = 3) and the indicated additives. 4-hydroxybenzoate, 4-HB;
linolenic acid (PUFA), 18:3. b, Total CoQ from WT and Agpx1/2/3 yeast described in a (mean +
SD, n = 3). ¢, Rescue assay under the conditions described in a comparing the ability of
decylubiquinone (DecylQ) and mitoquinone (MitoQ) to restore growth of Agpx1/2/3 yeast treated

with 35 uM 18:3 (mean + SD, n = 3).

Loss of Cqd1 confers PUFA resistance

We reasoned that suppressor mutations that increase extramitochondrial CoQ levels would
enhance PUFA resistance in this strain, so we performed a forward-genetic suppressor screen (Fig.
2a). We randomly mutagenized Agpx1/2/3 yeast with ethyl methanesulfonate (EMS) and isolated
colonies tolerant of 18:3 treatment. From ~20,000 unique mutant colonies, we obtained four hit
strains with substantial PUFA resistance (Fig. 2b). We then performed whole-genome sequencing

that revealed non-synonymous mutations in 442 unique genes across these four strains (Extended
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Data Table 1). These mutants were ranked using PROVEAN (Protein Variation Effect Analyzer),
a software tool for predicting deleterious protein changes’. PROVEAN assigns a disruption score
(D-Score) that reflects the likelihood that a given mutation is deleterious. In our collective dataset,
99 genes achieved a D-Score below the strict threshold of -4.1 (Fig. 2¢; Extended Data Table 1).
Given the overall limited overlap in hits between mutant strains, it is likely that our dataset includes
multiple genes that contribute to an enhanced PUFA resistance phenotype.

We chose to focus on mitochondrial proteins for further examination since, to our
knowledge, trafficking machinery at the site of CoQ synthesis in mitochondria has yet to be
identified. Of the nine mitochondrial proteins harboring likely deleterious mutations, one, Cqdl
(Ypl109c), is an uncharacterized protein that resides on the inner mitochondrial membrane (IMM),
making it an attractive candidate for further study (Fig. 2c; Extended Data Fig. 1a). Moreover,
Cqd1 possesses the same UbiB atypical kinase/ATPase domain as Cog8, an essential protein for
CoQ synthesis that resides on the matrix face of the IMM®-!!, Our recent work suggests that Coq8
ATPase activity may be coupled to the extraction of hydrophobic CoQ precursors from the IMM
for subsequent processing by membrane-associated matrix enzymes!?2. Cqdl resides on the
opposite side of the IMM, facing the intermembrane space’!® (Extended Data Fig. 1b), physically
separated from the other CoQ-related enzymes but still positioned for direct access to membrane-
embedded CoQ precursors and mature CoQ. Furthermore, a recent study reported that
haploinsufficiency of human CQD/ ortholog ADCK?2 led to aberrant mitochondrial lipid oxidation
and myopathy associated with CoQ deficiency'*.

In our screen, mutant C (mutC) contains an early stop codon in CQOD/ (Fig. 2¢, Extended
Data Fig. Ic). To test whether this mutation is important for mutC’s phenotype, we reintroduced

WT CQDI into this strain under its endogenous promoter. Indeed, this reintroduction re-conferred
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PUFA sensitivity (Fig. 2d). Furthermore, deletion of COD/ in the parent Agpx1/2/3 strain, which

lacks all other mutC mutations, was sufficient to enhance PUFA resistance (Fig. 2e-f).

Collectively, these data demonstrate that disruption of CODI is at least partially causative for

mutC’s PUFA-resistant phenotype.
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Figure 2. Genome-wide screen for CoQ trafficking genes identifies uncharacterized UbiB

protein Cqdl. a, Schematic of forward-genetic yeast screen for genes involved in CoQ trafficking.

b, Growth rates of Agpx1/2/3 and four mutant strains resistant to 18:3 treatment (mutA-D). Yeast

were assayed in pABA— media containing 2% (w/v) glucose with 0-25 pM 18:3 (mean + SD, n =

3). ¢, Mutant strains mutA-D were submitted for whole-genome sequencing to identify non-

synonymous mutations (total = 442). Mutations were analyzed with PROVEAN to filter for likely
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deleterious changes (D-score < -4.1, shaded box). Gray, all genes; red, mitochondrial genes. Light,
predicted neutral; dark, predicted deleterious. d, Growth rate of mutC yeast expressing empty
vector (EV) or endogenous CQOD/I (mean = SD, n = 3). Yeast were assayed under the conditions
described in b with 0-100 uM 18:3. e, Drop assay of WT, Agpx1/2/3, and Agpx1/2/3Acqdl yeast
grown for 3 days on solid pABA— medium containing 2% (w/v) glucose, 0.5% (w/v) ethanol
(EtOH), and 0-25 puM 18:3. f, Growth rates of Agpx1/2/3 and Agpx1/2/3Acqdl yeast expressing
EV or endogenous CODI (mean + SD, n = 3). Yeast were assayed under the conditions described

in b with 0-50 uM 18:3. Source data for panel ¢ is provided as a Source Data file.

Cqd1 affects CoQ distribution

Our results above suggest that loss of CODI confers cellular resistance to PUFA-mediated
oxidative stress by increasing extramitochondrial CoQ. We reasoned that this was likely rooted
either in a general increase in CoQ production or in its redistribution. To test these models, we first
measured total levels of CoQ and its early mitochondrial precursor polyprenyl-4-hydroxybenzoate
(PPHB) in cells lacking CODI or control genes (Fig. 3a-c). As expected, disruption of HFDI,
which encodes the enzyme that produces the soluble CoQ precursor 4-HB, led to loss of CoQ and
PPHB, while disruption of COQ8 caused complete loss of CoQ with the expected buildup of the
PPHB precursor. However, we found no significant change in CoQ or PPHB levels in the Acqdl
strain, demonstrating that Cqd1 is essential neither for CoQ biosynthesis nor the import of CoQ
precursors under the conditions of our analyses.

To next examine CoQ distribution, we fractionated yeast and measured CoQ levels (Fig.
3d; Extended Data Fig. 2a). We observed that Acgd! yeast had a significant increase in CoQ from

the non-mitochondrial (NM) fraction, consisting of organelles and membranes that do not pellet
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with mitochondria, and a corresponding decrease in mitochondrial (M) CoQ. Deletion of the
tricarboxylic acid (TCA) cycle enzyme Kgd1 had no effect on relative CoQ levels (Fig. 3d) despite
causing a deficiency in respiratory growth (Fig. 3e), indicating that general mitochondrial
dysfunction does not perturb CoQ distribution. The increased extramitochondrial CoQ in Acgd!
yeast is consistent with the observation that deleting CQD1 increases PUFA resistance (Fig. 2e-f).

To our knowledge, this is the first example of a genetic disruption leading to altered cellular
distribution of endogenous CoQ. To further validate this finding, we examined growth in glycerol,
a non-fermentable carbon source, which requires an intact mitochondrial electron transport chain.
We reasoned that a decrease in mitochondrial CoQ would disrupt respiratory growth in media
depleted of CoQ precursors. Indeed, deletion of CODI significantly reduced respiratory growth
rate in this medium (Fig. 3e). To confirm that this defect is caused by CoQ depletion, we rescued
growth with CoQ of different isoprene tail lengths (CoQ: and CoQs) and with CoQ precursors,
which are more readily delivered due to their solubility (Fig. 3f). Endogenous expression of COD1
rescued respiratory growth without affecting total CoQ levels (Fig. 3g, Extended Data Fig. 2b),
further supporting the hypothesis that CoQ distribution, not biosynthesis, is perturbed in Acgd!
yeast.

We next sought to begin understanding how Cqdl functions in CoQ distribution. Our
recent work on Cqdl’s UbiB homolog COQS8 (yeast Coq8 and human/mouse COQS8A) revealed
that it possesses an atypical protein kinase-like (PKL) fold that endows ATPase activity but
occludes larger proteinaceous substrates from entering the active site''!> (Extended Data Fig. 2c-
e). Unlike COQ8, Cqdl is recalcitrant to recombinant protein purification; therefore, in lieu of
direct in vitro activity assays, we examined the ability of Cqdl point mutants to rescue the

respiratory growth defect of Acqd! yeast. Similar to Coq8'!!213, the ability of Cqdl to rescue the
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Acqdl respiratory growth deficiency depended on its core protein kinase-like (PKL) family
residues!® required for phosphoryl transfer (Fig. 3g) and on quintessential UbiB motif residues
(Extended Data Fig. 2e-h). Further biochemical work is required to prove Cqdl’s enzymatic
activity; however, these data support a model whereby its ability to promote CoQ distribution

relies on atypical kinase/ATPase activity (Fig. 3h).
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Figure 3. Cqdl influences cellular CoQ distribution. a, Schematic of CoQ biosynthesis
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containing 0.1% (w/v) glucose and 3% (w/v) glycerol (mean, n = 6). Yeast enter the respiratory
phase of growth after ~4 hours in this growth condition. f, Growth rate of WT, Acqdl, and Akgd!
yeast assayed under conditions described in d (mean = SD; none n = 6, all others n = 3). Yeast
were grown in the presence and absence of 100 uM CoQ analogs (CoQ2, CoQs) and 1 uM CoQ
precursors (pABA, 4-HB). g, Growth rate of WT and Acqd! yeast transformed with the indicated
plasmids (EV, CODI or CQD1 point mutants) and grown in Ura—, pABA— media containing 0.1%
(w/v) glucose and 3% (w/v) glycerol (mean + SD, n = 3). Yeast were treated with 0 (colored bars)
or 1 uM 4-HB (white bars, superimposed) to determine rescue of respiratory growth. h, Model for
Cqd1’s putative role in cellular CoQ distribution. Significance calculated by a two-tailed Student’s

t-test; * = p<0.05, ** =p <0.01, *** = p <0.001.

Cqd2 counteracts Cqd1 function

Beyond Cog8 and Cqdl, S. cerevisiae have just one other member of the UbiB family—Cqd?2 (aka
Mcp2 or YIr253w). Cqd2 is also poorly characterized and resides in the same location as Cqd1, on
the outer face of the IMM®!3!7 (Extended Data Fig. 1b). Previous studies have identified genetic
and physical interactions connecting Cqd2 to mitochondrial lipid homeostasis, but not to a specific
pathway!”"!°. Given the similarity between these three proteins (Extended Data Fig. 2d-e), we
anticipated that Cqd2 might also be connected to CoQ biology.

To test this hypothesis, we disrupted COD2 in Agpx1/2/3 yeast and subjected this strain to
PUFA-mediated stress. Surprisingly, Agpx1/2/3Acqd?2 yeast exhibited an enhanced sensitivity to
PUFA treatment—the opposite phenotype to that of Agpx1/2/3Acqdl (Fig. 4a; Extended Data Fig.
3a). Furthermore, Agpx1/2/3Acqd1Acqd? yeast phenocopied the parental (Agpx1/2/3) strain (Fig.

4a; Extended Data Fig. 3a). Under respiratory conditions, Acqgd2 yeast exhibited no detectable
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change in growth. However, deleting COD?2 from Acqd] yeast (Acqgd1Acqd?) restored this strain’s
impaired respiratory growth rate to WT levels (Fig. 4b-c). Conversely, reintroduction of CQOD?2
into the AcqdlAcqd? strain recapitulated the respiratory growth deficiency of Acgdl (Fig. 4d).
Total cellular CoQ levels remained unchanged (Extended Data Fig. 3b), again suggesting these
CoQ-related phenotypes are unrelated to CoQ biosynthesis. Similar to Cqdl (Fig. 3g), Cqd2
function was dependent on intact canonical PKL and UbiB-specific residues (Fig. 4d, Extended
Data Fig. 3c-e), suggesting that all three UbiB family proteins in yeast are active phosphoryl
transfer enzymes.

The analyses above, coupled with the submitochondrial location of Cqdl and Cqd2,
suggest a model whereby these enzymes may reciprocally regulate the amount of CoQ within the
IMM. To test this directly, we used the amphipathic polymer styrene maleic acid (SMA) to
solubilize integral membrane proteins into detergent-free SMA lipid particles (SMALPs)* from
yeast harboring an endogenously-tagged subunit of mitochondrial complex II (Sdh4-GFP). We
reasoned that purifying lipid patches containing Sdh4, which directly interacts with CoQ to
facilitate succinate dehydrogenase (Complex II) activity?!, would yield a suitable lipid
microenvironment to measure IMM-localized CoQ. After solubilization (Extended Data Fig. 3f),
we isolated native IMM patches that possessed Sdh4-GFP using a recombinantly purified His-
tagged GFP nanobody (Fig. 4e; Extended Data Fig. 3g-h). We show that purified Sdh4-GFP IMM
patches are largely void of extramitochondrial and outer mitochondrial membrane (OMM) protein
contamination (Fig. 4f), making this an attractive approach for assessing IMM CoQ abundance.

We generated a panel of deletion strains in the Sdh4-GFP background to investigate how
loss of Cqd1 and Cqd2 impact CoQ abundance in this IMM microenvironment. These yeast strains

exhibited the same respiratory phenotypes as the W303 background strains and had similar levels
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of whole-cell CoQ (Extended Data Fig. 3i-j). After solubilization and affinity enrichment
(Extended Data Fig. 3k-1), Sdh4-GFP IMM patch lipids were extracted for targeted CoQ
measurements. Consistent with our respiratory growth observations, Acqd! yeast had significantly
lower levels of IMM patch CoQ. Conversely, the Acgd?2 yeast had elevated IMM patch CoQ, while
AcqdlAcqd? yeast had levels similar to the parental strain (Fig. 4g). These data provide direct
evidence of protein-dependent changes in CoQ distribution, corroborating our phenotypic
observations. Taken together, our results suggest that Cqd1l and Cqd2 reciprocally regulate the

levels of IMM CoQ and support a model wherein proper cellular CoQ distribution is dependent on

the balance of their activities (Fig. 4h).
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Figure 4. Cqd2 function opposes Cqdl control of CoQ distribution. a, Growth rate of
Agpx1/2/3 and the described yeast strains in pABA— media containing 2% (w/v) glucose and the
indicated additives (mean + SD, n = 3). b, Growth assay of WT, Acqd!, Acqd?2, and AcqdiAcqd?
yeast in pABA— media containing 0.1% (w/v) glucose and 3% (w/v) glycerol (mean = SD, n = 6).
¢, Growth rate of yeast strains in b treated with 0 (colored bars) or 1 uM 4-HB (white bars,
superimposed) (mean + SD; 0 uM 4-HB n = 6, 1 uM 4-HB n = 3). d, Growth rate of WT and
AcqdlAcqd? yeast transformed with the indicated plasmids (EV, COD2 or COD?2 point mutants)
and grown in Ura—, pABA— media containing 0.1% (w/v) glucose and 3% (w/v) glycerol (mean +
SD, n = 3). Yeast were treated with 0 (colored bars) or 1 uM 4-HB (white bars, superimposed) to
determine recapitulation of respiratory growth defect. e, Schematic of Sdh4-GFP styrene maleic
acid (SMA) lipid particle (SMALP) isolation. f, Western blot to assess purity of SMALP isolation
samples from endogenously tagged Sdh4-GFP yeast. Spheroplast, SP; crude mitochondria, CM;
soluble, S; elution, E (or IMM patch). Kar2, endoplasmic reticulum; Tom70, outer mitochondrial
membrane (OMM); Vdac, OMM; Sdh4-GFP, SMALP target/IMM; Sdh2, IMM; Citl,
mitochondrial matrix. g, CoQ from subcellular fractions derived from SMALP isolation described
in f for the indicated strains (mean = SD, n = 3). h, Summary model depicting opposing roles for
yeast UbiB family proteins in cellular distribution of CoQ. Significance calculated by a two-tailed

Student’s t-test; * =p <0.05, ** =p <0.01, ***=p <0.001.

Discussion
Our work demonstrates that two previously uncharacterized UbiB family proteins influence the
cellular distribution of mitochondria-derived CoQ. To our knowledge, Cqd1 and Cqd2 are the first

proteins implicated in this process, which is essential for providing membranes throughout the cell
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with the CoQ necessary for enzymatic reactions and antioxidant defense. Further efforts are needed
to establish how these proteins support CoQ distribution mechanistically; however, their similarity
to Coq8 and the requirement for canonical PKL residues in their active sites suggests that Cqdl
and Cqd2 may couple ATPase activity to the selective extraction/deposition of CoQ from/to the
IMM.

Once extracted from the IMM, we expect that subsequent steps would be required to deliver
CoQ throughout the cell. The multimeric ER-mitochondrial encounter structure (ERMES) and
mitochondrial contact site and cristae organizing system (MICOS) complexes facilitate

22,23

interorganellar lipid and metabolite transfer===. Recent work has revealed that CoQ biosynthetic

machinery and MICOS subcomplexes often colocalize with ERMES?#-26

, suggesting that these
sites could serve as conduits for CoQ transport. Additionally, COQ9 is a lipid binding protein that
likely delivers CoQ precursors to matrix enzymes?’, suggesting that other lipid binding proteins
may exist to shuttle CoQ from mitochondria to other membranes. Our genetic screen has
nominated several extramitochondrial and cytosolic proteins as promising leads for these
processes.

Our investigations here focused on CoQ; however, it is possible that Cqd1 and Cqd2 (aka
Mcp2) influence lipid transport and homeostasis more broadly. Previous work has identified an
array of genetic interactions for Cqd1 and Cqd2 with lipid biosynthesis and homeostasis genes'®-2%.
Notably, Cqd2 has negative genetic interactions with all five subunits of ERMES, while Cqd1 and
Cqd2 have inverse genetic relationships with Psdl and Upsl. Indeed, Cqd2 was previously
identified as a high-copy suppressor of a growth defect caused by loss of the ERMES subunit

Mdm10'7. More recently, three conserved Cqd2 active site residues were shown to mitigate rescue
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of Amdm10 yeast growth!'8, results that we confirm (Cqd2 K210R) and expand upon with six
additional residue mutations.

Finally, UbiB family proteins are found across all domains of life?”. UbiB homologs in
plants are abundant, with 17 ABCI1K proteins found in Arabidopsis®®. Many of these ABC1K
proteins are localized to plastoglobules, and recent work suggests that ABC1K1 and ABC1K3 may
affect the mobility and exchange of subcellular plastoquinone-9 pools?!, suggesting UbiB proteins
might function in quinone distribution across species. In humans, five UbiB proteins have been
identified, ADCK1-5. While COQ8A (ADCK3) and COQ8B (ADCK4) have established roles in
CoQ biosynthesis and human disease!!%3, the biological roles of other ADCK proteins remain
elusive. Genome-wide knockdown studies have implicated these uncharacterized ADCK genes in
several cancer disease states**37. As novel targets for human disease intervention, it will be
important to determine if functional conservation exists between Cqdl and Cqd2 and their human
orthologs, ADCK2 and ADCKI1/5, respectively. Recently, a crucial new role for
extramitochondrial CoQ was identified in mitigating ferroptosis, a type of cell death stemming
from a buildup of toxic lipid peroxides, suggesting that manipulating CoQ distribution could
provide therapeutic benefits**-°, Notably, small-molecule modulators have been developed for
Coq8!%2 and COQ8A*, indicating that UbiB proteins are promising druggable targets.

Collectively, our work to de-orphanize these poorly characterized mitochondrial proteins
represents the first step in addressing enduring questions regarding endogenous cellular CoQ

distribution and unlocking the therapeutic potential of controlling this pathway.

Methods

Yeast Strains and Cultures
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Unless otherwise described, Saccharomyces cerevisiae haploid W303 (MATa his3 leu2 met15 trpl
ura3) yeast were used. For SMA-derived lipid nanodisc work, endogenous GFP-tagged BY4741
(MATa his3A1 leu2A0 met15A0 ura3A0) yeast strains*! were used. Yeast deletion strains were
generated using standard homologous recombination or CRISPR-mediated methods. For
homologous recombination, open reading frames were replaced with the KanMX6, HygMX6, or
NatMX6 cassette as previously described*?. Cassette insertion was confirmed by a PCR assay and
DNA sequencing. CRISPR-mediated deletions were performed as described in*’. 20-mer guide
sequences  were designed with the ATUM CRISPR gRNA  design tool

(https://www.atum.bio/eCommerce/cas9/input) and cloned into pRCC-K, and 500 ng of the guide-

inserted pRCC-K was used per yeast transformation. Donor DNA was 300 pmol of an 80-nt
Ultramer consisting of 40 bp upstream and 40 bp downstream of the ORF (for scarless deletions)
or ~6 pg of PCR-amplified Longtine cassette with flanking homology 40 bp upstream and 40 bp

downstream of the ORF (for cassette-replacement deletions).

Synthetic complete (and dropout) media contained drop-out mix (US Biological), yeast nitrogen
base (with ammonium sulfate and without amino acids) (US Biological), and the indicated carbon
source. pABA™ (and dropout) media contained Complete Supplement Mixture (Formedium), Yeast
Nitrogen Base without amino acids and without pABA (Formedium), and the indicated carbon

source. All media were sterilized by filtration (0.22 um pore size).

Yeast Growth Assay and Drop Assay

PUFA Growth Assays
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To assay yeast growth in liquid media, individual colonies were used to inoculate synthetic
complete (or synthetic complete dropout) media (2% glucose, w/v) starter cultures, which were
incubated overnight (30 °C, 230 rpm). Yeast were diluted to 1.1x10° cells/mL in pABA~ (or
pABA~ dropout) media (2% glucose, w/v) and incubated until early log phase (30 °C, 7-8 h,
230 rpm). Yeast were swapped into fresh pABA™ media (2% glucose, w/v) at an initial density of
5x10° cells/mL with indicated additives. The cultures were incubated (30 °C, 1140 rpm) in an
Epoch2™ plate reader (BioTek®) in a sterile 96 well polystyrene round bottom microwell plate
(Thermo) with a Breathe-Easy® cover seal (Diversified Biotech). Optical density readings (Asoo)
were obtained every 10 minutes, and growth rates were calculated with Gen5 v3.02.2 software

(BioTek®), excluding timepoints from stationary phase.

Respiratory Growth Assays

Individual colonies of S. cerevisiae were used to inoculate synthetic complete media (2% glucose,
w/v) starter cultures, which were incubated overnight (30 °C, 230 rpm). For transformed yeast
strains, the corresponding Ura- media was used. Yeast were diluted to 1x10°-1.33x10° cells/mL
in pABA™ media (2% glucose, w/v) and incubated until early log phase (30 °C, 7-8 h, 230 rpm).
Yeast were swapped into pABA™ media with glucose (0.1%, w/v) and glycerol (3%, w/v) at an
initial density of 5x10° cells/mL with indicated additives. The cultures were incubated (30 °C,
1140 rpm) in an Epoch2 plate reader (BioTek) in a sterile 96 well polystyrene round bottom
microwell plate (Thermo) with a Breathe-Easy cover seal (Diversified Biotech). Optical density
readings (Aeoo) were obtained every 10 minutes, and growth rates were calculated with Gen5
v3.02.2 software (BioTek), excluding timepoints before the diauxic shift and during stationary

phase growth.
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Drop Assays

Individual colonies of yeast were used to inoculate pABA-limited media (2% w/v glucose, 100
nM pABA) starter cultures, which were incubated overnight (30 °C, 230 rpm). Cells were spun
down (21,000 x g, 2 min) and resuspended in water. Serial dilutions of yeast (10°, 10%, 103, 10%, or
10 cells) were dropped onto pABA™ media (2% glucose and 1% EtOH, w/v) agar plates with

indicated additives and incubated (30 °C, 2-3 d).

Forward-genetic Screen

Individual colonies of Agpx1/2/3 yeast were used to inoculate YEPD starter cultures, which were
incubated overnight. 1.0x108 cells were pelleted, washed once with sterile water, and resuspended
in 2.5 mL of 100 mM sodium phosphate buffer, pH 7.0. Ethyl methanesulfonate (EMS) (80 pL)
was added, and cells were incubated (90 min, 30 °C, 230 rpm). Cells were washed thrice with
sodium thiosulfate (5% w/v) to inactivate EMS. Cells were resuspended in water, and 1.0x10*
cells were plated on pABA-limited (2% w/v glucose, 100 nM pABA) agar plates. After 3 days,
cells were replica-plated onto pABA™ (2% glucose, w/v) plates with 0 uM or 25 uM linolenic acid
(C18:3, Sigma). Colonies that grew on 25 pM linolenic acid were picked into YEPD overnight
cultures and struck on YEPD plates, and PUFA resistance phenotypes were confirmed with plate
reader growth assays. For mutant strains that grew in the presence of 25 pM linolenic acid,
genomic DNA was isolated with the MasterPure™ Yeast DNA Purification Kit (Lucigen) and
submitted to GENEWIZ for whole-genome sequencing. S. cerevisiae genome assembly and

variation calling were performed with SeqMan NGen 14 and ArrayStar 14 (DNASTAR Lasergene
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suite). Variant D-Score predictions were obtained using the PROVEAN vl1.1.3 web server

(http://provean.jcvi.org/seq submit.php).

Plasmid Cloning
Expression plasmids were cloned with standard restriction enzyme cloning methods. ORF specific
primers were used to amplify Cqdl (Ypl109c) and Cqd2 (Y1r253w) from W303 yeast genomic
DNA. Amplicons were treated with Dpnl to degrade genomic DNA and ligated into the digested
p416 GPD plasmid (Addgene). Cloning products were then transformed into E. coli 10G
chemically competent cells (Lucigen). Plasmids were isolated from transformants and Sanger
sequencing was used to identify those containing the correct insertion.

Constructs containing Cqdl and Cqd2 were digested with Sall and BamHI or HindIII to
liberate the GPD promoter. Digested backbones were then combined with amplified endogenous
promoter regions (1000 bases upstream for Cqd1, 500 bases upstream for Cqd2) and ligated to

generate endogenous promoter vectors for Cqdl and Cqd2.

Site-Directed Mutagenesis

Point mutants were constructed as described in the Q5® Site-Directed Mutagenesis Kit (New
England Biolabs) and were confirmed via Sanger sequencing. Yeast were transformed as
previously described* with plasmids encoding Cqd1 and Cqd2 variants with their endogenous
promoters and grown on uracil drop-out (Ura") synthetic media plates containing glucose (2%,

w/v).

Homology Model Generation
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Amino acid sequences of Cqdl and Cqd2 were threaded through COQS8A apo crystal structure
(PDB:4PED) via the online iTASSER webserver®. Superimposed homology models were
visualized in the PyMOL Molecular Graphics System (Version 2.0, Schrédinger, LLC). Color

schemes depicting protein domain organization were chosen according to previous work!?.

Subcellular Fractionation

Individual colonies of S. cerevisiae were used to inoculate synthetic complete media (2% glucose,
w/v) starter cultures, which were incubated overnight (30 °C, 230 rpm). Yeast were diluted to
1.2x10% cells/mL in 50 mL pABA~ media (2% glucose, w/v) and incubated until early log phase
(30 °C, 12 h, 230 rpm). Yeast were swapped into 2 L of pABA™ media with glucose (0.1%, w/v)
and glycerol (3%, w/v) at an initial density of 5x10* cells/mL and incubated until early log phase
(30 °C, 20 h, 230 rpm). 1x10? cells were collected for whole-cell (WC) analyses. The remaining
culture was pelleted by centrifugation (4,500 x g, 7 min) and weighed (5-6 g). Pellets were then
fractionated using previously described methods*. To isolate crude mitochondria, samples were
pelleted by centrifugation (15,000 x g, 10 min, 4 °C). Crude mitochondria were resuspended in
SEM buffer (10 mM MOPS/KOH pH 7.2, 250 mM sucrose, | mM EDTA) containing 10 pg
trypsin (sequencing grade, Promega) and rotated end-over-end overnight (12 h, 4 °C) to disrupt
proteinaceous organelle contact tethers*’. Digested samples were pelleted by centrifugation
(12,000 x g, 10 min, 4 °C) and the supernatant was collected. Pelleted material was resuspended
in 900 puL. SEM buffer containing 1 mM phenylmethylsulfonyl fluoride (SEM+PMSF) to
deactivate trypsin. Resuspended material was pelleted (12,000 x g, 10 min, 4 °C) and the
supernatant was collected. This was repeated once more and supernatant material was pooled (2.7

mL). To this, SEM buffer was added up to 10 mL before ultracentrifugation (106,000 x g, 1 h, 4
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°C) to collect microsomes (non-mitochondrial fraction; NM). Pelleted crude mitochondria were
resuspended in 700 pnL. SEM+PMSF and then added to a freshly prepared sucrose gradient (bottom
to top: 1.5 mL 60% sucrose, 4 mL 32% sucrose, 1.5 mL 23% sucrose, and 1.5 mL 15% sucrose)
for separation by ultracentrifugation (134,000 x g, 1 h, 4 °C). Enriched mitochondrial samples
were recovered at the 32-60% interface and diluted with 30 mL SEM. Mitochondria were pelleted
(15,000 x g, 10 min, 4 °C) and resuspended in fresh SEM (150 puL total). The protein concentration
of all subcellular fractions (spheroplasts, SP; crude mitochondria, CM; non-mitochondrial fraction,
NM; enriched mitochondria, M) was determined using the Pierce™ BCA Protein Assay Kit

(Thermo) before Western blot (5 pg) analyses and lipid extractions.

GFP Nanobody

Recombinant Purification

pCAS528-His-SUMO-GFP nanobody (GFPnb) constructs were transformed into RIPL competent
E. coli cells for protein expression. GFPnb was overexpressed in E. coli by autoinduction
overnight*® (37 °C, 4 h; 20°C, 20 h). Cells were isolated by centrifugation (4,500 x g, 12 min, RT),
flash frozen in N(1) dropwise, and stored at -80 °C. For protein purification, cells were added to a
Retsch® mixer mill MM 400 screw-top grinding jar pre-equilibrated with Nx(l). The cells were
lysed by cryogenic grinding (-196 °C, 30 Hz, 120 s x 3). Ground cell pellet was collected and
resuspended end-over-end for 1 h in lysis buffer (160 mM HEPES pH 7.5, 400 mM NacCl, 0.25
mM PMSF, 1 Roche cOmplete™ Protease Inhibitor Cocktail tablet, 500 U Benzonase® Nuclease)
at 4 °C. The lysate was clarified by centrifugation (15,000 x g, 30 min, 4 °C). Clarified lysate was
added to pre-equilibrated TALON®™ cobalt resin (Takara Bio) and incubated end-over-end for 1 h

at 4 °C. TALON® resin was pelleted by centrifugation (700 x g, 2 min, 4 °C) and washed twice
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with equilibration buffer (160 mM HEPES pH 7.5, 400 mM NaCl, 0.25 mM PMSF) and twice
with wash buffer (160 mM HEPES pH 7.5, 400 mM NacCl, 0.25 mM PMSF, 20 mM imidazole).
His-tagged protein was eluted with elution buffer (160 mM HEPES (pH 7.5), 400 mM NacCl, 0.25
mM PMSF, 400 mM imidazole). The eluted protein was concentrated to ~600 pL with an Amicon®
Ultra Centrifugal Filter (10 kDa MWCO) and exchanged into equilibration buffer. Concentrated
protein elution was centrifuged (15,000 x g, 5 min, 4 °C) to pellet precipitate and filtered through
a 0.22 uM syringe filter. Concentrated protein elution was separated via size exclusion
chromatography on a HiLoad™ 16/600 Superdex™ 75 pg. Fractions from the size exclusion
chromatography were analyzed by SDS-PAGE, and the fractions containing GFPnb were pooled
and concentrated to ~1 mL. The concentration of GFPnb was determined by Bradford assay (Bio-
Rad Protein Assay Kit II) and was diluted with equilibration buffer and glycerol to a final
concentration of 20 mg/mL protein (160 mM HEPES pH 7.5, 400 mM NacCl, 10% glycerol). The
final protein was aliquoted, flash frozen in N»(I) and stored at -80 °C. Fractions from the protein

preparation were analyzed by SDS-PAGE.

Differential Scanning Fluorimetry

The differential scanning fluorimetry method (thermal shift assay) was performed as described
previously®. Purified recombinant GFPnb was diluted to a final concentration of 4 uM with DSF
buffer (100 mM HEPES pH 7.5, 150mM NaCl) and 1:1250 SYPRO® Orange Dye (Life Tech).
Thermal shift data was collected with QuantStudio Real-Time PCR v1.2 software and analyzed

with Protein Thermal Shift v1.3 software.

Native Nanodisc Isolation
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Individual colonies of S. cerevisiae (BY4741) were used to inoculate synthetic complete media
(2% glucose, w/v) starter cultures, which were incubated overnight (30 °C, 230 rpm). Yeast were
diluted to 5x10° cells/mL in 50 mL pABA~ media (2% glucose, w/v) and incubated until late log
phase (30 °C, 16 h, 230 rpm). Yeast were swapped into 2 L of pABA™ media with glucose (0.1%,
w/v) and glycerol (3%, w/v) at an initial density of 2.5%10° cells/mL and incubated until early log
phase (30 °C, 16 h, 230 rpm). Yeast cultures were pelleted by centrifugation (4,500 x g, 7 min)
and weighed (2-3 g). Pellets were then fractionated using previously described methods*. For
preparative scale affinity purification, crude mitochondria were resuspended in 50 pL BB7.4
(0.6 M sorbitol, 20 mM HEPES-KOH pH 7.4), diluted in 950 pL ice cold BB7.S (20 mM HEPES-
KOH pH 7.4), vortexed for 10 sec (medium setting 8, Vortex Genie), and incubated on ice for
30 minutes. Swollen mitochondria were then sonicated briefly (4’ tip, 20% amplitude) for 2 - 5
second pulses with 60 seconds between pulses. Mitoplasts with osmotically ruptured outer
membranes were recovered by centrifugation at (20,000 x g, 10 min, 4 °C). After removing the
supernatant, each pellet was resuspended with 1 mL of Buffer B (20 mM HEPES-KOH pH 8.0,

200 mM NaCl) containing 2% (w/v) styrene maleic acid copolymer (SMA, Polyscope SMALP®

25010P) by repeat pipetting and rotated end-over-end (4 h, 4 °C). Soluble SMA extracts were
separated from non-extracted material by centrifugation at 21,000 x g for 10 min at 4 °C. Soluble
material was then were added to NTA nickel resin (400 pL slurry, Qiagen), which was pre-charged
(overnight at 4 °C, end-over-end) with recombinant His-tagged GFPnb (12.5 pL, 20 mg/mL). This
mixture of soluble SMA extracts and charged nickel resin was rotated end-over-end (24 h, 4 °C).
Nickel resin was pelleted by centrifugation (700 x g, 2 min, 4 °C) and the supernatant
fraction was carefully collected. Nickel resin was washed twice with Buffer B and twice with 500

pL Wash Buffer [Buffer B containing 20 mM imidazole]. Native nanodiscs bound to His-GFPnb
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were eluted with Buffer B containing 250 mM imidazole by rotating end-over-end for 20 min at 4
°C. Due to the presence of GFP nanobody in the elution samples, relative target abundance was
determined by Western analysis and anti-GFP band quantification. Protein concentrations of all

other samples were quantified by Pierce™ BCA Protein Assay Kit (Thermo).

Lipid Extraction

CHCl3:MeOH Extraction

1x10% yeast cells were harvested by centrifugation (4,000 g, 5 min, 4 °C). The supernatant was
removed, and the cell pellet was flash frozen in N (1) and stored at -80 C. (1) and stored at —80 °C.
Frozen yeast pellets were thawed on ice and resuspended in 100 pL cold water. To this, 100 puL of
glass beads (0.5 mm; RPI) and CoQ1o internal standard (10 pL, 10 uM) were added and bead beat
(2 min, 4 °C). 900 pL extraction solvent (1:1 CHCl3/MeOH, 4 °C) was added and samples were
vortexed briefly. To complete phase separation, samples were acidified with 85 pL 6 M HCI (4
°C), vortexed (2 x 30 s, 4 °C), and centrifuged (5,000 g, 2 min, 4 °C). The resulting aqueous layer
(top) was removed and 400 pL of the organic layer (bottom) was transferred to a clean tube and
dried under Ar). Dried organic matter (lipids) were reconstituted in ACN/IPA/H>O (65:30:5,
v/v/v, 100 uL) by vortexing (2 x 30 s, RT) and transferred to an amber vial (Sigma; QSertVial™,

12 x 32 mm, 0.3 mL) for LC-MS analysis.

Petroleum Ether:MeOH Extraction
For yeast whole-cell measurements, 1 x10® cells were collected by centrifugation (4,000 x g, 5
min) and layered with 100 uL of glass beads (0.5 mm; RPI). Whole-cell samples and all other

fractions were then suspended in ice-cold methanol (500 pL; with 1 uM CoQg internal standard)
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and vortexed (10 min, 4 °C). ~500 pL of petroleum ether was added to extract lipids, and samples
were vortexed (3 min, 4 °C) and centrifuged (17,000 x g, 1 min) to separate phases. The petroleum
ether (upper) layer was collected, and the extraction was repeated with another round of petroleum
ether (500 pL), vortexing (3 min, 4 °C), and centrifugation (17,000 x g, 1 min). The petroleum
ether layers were pooled and dried under argon. Lipids were resuspended in 2-propanol (15 pL)
and transferred to amber glass vials (Sigma; QSertVial™, 12 x 32 mm, 0.3 mL). Sodium
borohydride (15 pL of 10 mM in 2-propanol) was added to reduce quinones, and samples were
vortexed briefly and incubated (5-10 min). Methanol (20 uL) was added to remove excess sodium
borohydride, and samples were vortexed briefly and incubated (5-10 min). Samples were briefly

flushed with nitrogen gas.

Lipidomic Analysis

Targeted LC-MS for Yeast CoQs and PPHBs

LC-MS analysis was performed on an Acquity CSH C18 column held at 50 °C (100 mm x 2.1 mm
x 1.7 pm particle size; Waters) using a Vanquish Binary Pump (400 pL/min flow rate; Thermo
Scientific). Mobile phase A consisted of 10 mM ammonium acetate and 250 pL/L acetic acid in
ACN:H20 (70:30, v/v). Mobile phase B consisted of IPA:ACN (90:10, v/v) also with 10 mM
ammonium acetate and 250 pL/L acetic acid. Mobile phase B was initially held at 50% for 1.5 min
and then increased to 99% over 7.5 min and held there for 2 min. The column was equilibrated for
2.5 min before the next injection. 10 pL of each extract was injected by a Vanquish Split Sampler

HT autosampler (Thermo Scientific) in a randomized order.
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The LC system was coupled to a Q Exactive Orbitrap mass spectrometer (MS) through a heated
electrospray ionization (HESI II) source (Thermo Scientific). Source conditions were as follow:
HESI II and capillary temperature at 350 °C, sheath gas flow rate at 25 units, aux gas flow rate at
15 units, sweep gas flow rate at 5 units, spray voltage at +3.5 kV/-3.5 kV, and S-lens RF at 90.0
units. The MS was operated in a polarity switching mode acquiring positive and negative full MS
and MS2 spectra (Top2) within the same injection. Acquisition parameters for full MS scans in
both modes were 17,500 resolution, 1 x 10° automatic gain control (AGC) target, 100 ms ion
accumulation time (max IT), and 200 to 1600 m/z scan range. MS2 scans in both modes were then
performed at 17,500 resolution, 1 x 10° AGC target, 50 ms max IT, 1.0 m/z isolation window,
stepped normalized collision energy (NCE) at 20, 30, 40, and a 10.0 s dynamic exclusion.
Parallel Reaction Monitoring (PRM) in positive polarity mode was utilized to monitor for
two primary adducts, [M+H]" and [M+NH*]*, of each CoQ species. For CoQg, we targeted the
mass to charge ratio of 592.449 and 609.475; for CoQs, 728.574 and 745.601; and for CoQ1o, 864.7
and 881.727. PRM MS settings were: Automatic gain control (AGC) target at 5x10°, Maximum
IT at 100 ms, resolving power at 35,000, loop count at 2, isolation window at 3.0 m/z, and collision
energy at 35. Another experiment performed in tandem with PRM used targeted single ion
monitoring (t-SIM) in negative mode to determine the primary adduct, [M-H], of CoQ
intermediates. For PPHBg, we targeted the mass to charge ratio of 544.908 and used the following
t-SIM MS settings: AGC target at 5x10°, Maximum IT at 100 ms, and resolving power at 140,000

with an isolation window of 4.0 m/z.

Data Analysis
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The resulting LC-MS data was manually processed using a custom TraceFinder 4.1 (Thermo
Scientific) method using a mass precision of 4 and mass tolerance of 10 ppm to detect and identify

the different species and adducts of CoQes and CoQs and intermediates.

Targeted HPLC-ECD for Yeast CoQs

For yeast whole-cell measurements, 5 x10® cells were collected by centrifugation (4,000 x g, 5
min) and layered with 100 pL of glass beads (0.5 mm; RPI). Lipids from whole-cell samples and
other fractions were extracted according to the “Petroleum Ether:MeOH Extraction” section
above. Samples were analyzed by reverse-phase high-pressure liquid chromatography with
electrochemical detection (HPLC-ECD) using a C18 column (Thermo Scientific, Betasil C18, 100
x 2.1 mm, particle size 3 pm) at a flow rate of 0.3 mL/min with a mobile phase of 75% methanol,
20% 2-propanol, and 5% ammonium acetate (1 M, pH 4.4). After separation on the column, the
NaBHy-reduced quinones were quantified on ECD detector (Thermo Scientific ECD3000-RS)
equipped with 6020RS omni Coulometric Guarding Cell "E1", and 6011RS ultra Analytical Cell
"E2" and "E3". To prevent premature quinone oxidation, the E1 guarding electrode was set to =200
mV. Measurements were made using the analytical E2 electrode operating at 600 mV after
complete oxidation of the quinone sample and E3 electrode (600 mV) was used to ensure that total
signal was recorded on the E2 cell. For each experiment, a CoQs standard in 2-propanol was also
prepared with sodium borohydride and methanol treatment, and different volumes were injected
to make a standard curve. Quinones were quantified by integrating respective peaks using the

Chromeleon 7.2.10 software (Thermo) and normalized to CoQs internal standard.

Antibodies and Western Blots
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Antibodies

Primary antibodies used in this study include anti-Kar2 (SCBT sc-33630, 1:5000; RRID:
AB_672118), anti-Cit1°° (Biomatik, 1:4000), anti-B-actin (Abcam ab8224, 1:1000; RRID:
AB_449644), anti-Tom70°! (1:1000, a gift from Nora Vogtle, University of Freiburg), anti-Vdac
(Abcam ab110326, 1:2000; RRID: AB 10865182); anti-GFP (SCBT sc-9996, 1:1000; RRID:
AB_627695), anti-Sdh2°2 (1:5000, a gift from Oleh Khalimonchuk, University of Nebraska).
Secondary antibodies include goat anti-mouse (LI-COR 926-32210, 1:15000; RRID:

AB_621842) and goat anti-rabbit (LI-COR 926-32211, 1:15000; RRID: AB_621843).

SMA Solubility Western Blot

Mitoplasts were recovered and solubilized in styrene maleic acid containing buffer as described
above in “Native Nanodisc Isolation.” To determine the extent of GFP target solubilization, equal
amounts of “input” (IP) and soluble supernatant (S) were obtained, along with the total pellet
(insoluble, IS). 75 uL of the input sample was collected immediately after SMA solubilization.
After separating soluble SMA extracts from non-extracted material via centrifugation (21,000 x g,
10 min, 4 °C), the supernatant was transferred to a clean tube for an additional 5 minute spin. 75
uL of soluble sample was then transferred to a new tube. The resulting pellet was washed with 1
mL of Buffer B and centrifuged (21,000 X g for 5 min at 4 °C). The resulting supernatant was
aspirated and 75 pL of Buffer B was added to the insoluble (IS) fraction. From each sample,
proteins were extracted by standard chloroform-methanol procedures. Precipitated protein was
reconstituted in 75 pL 0.1 M NaOH. 25 puL 4X LDS sample buffer containing beta-
mercaptoethanol (BME) was added and samples were incubated (95 °C, ~10 min). Proteins were

analyzed with 4-12% Novex NuPAGE Bis-Tris SDS-PAGE (Invitrogen) gels (1 h, 150 V). The
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gel was transferred to PVDF membrane at 100 V for 1 h with transfer buffer (192 mM glycine, 25
mM Tris, 20% methanol [v/v]). The membrane was blocked with 5% nonfat dry milk (NFDM) in
TBST (20 mM Tris pH 7.4, 150 mM NaCl, 0.05% Tween 20 [v/v]) (1 h with agitation). Antibodies
were diluted in 1% NFDM in TBST and incubated with the PVDF (overnight, 4 °C with agitation).
The PVDF was washed three times in TBST and the secondary antibodies were diluted 1:15,000
in 1% NFDM in TBST (1.5 h, r.t.). The membrane was washed three times in TBST and imaged

on a LI-COR Odyessey CLx using Image Studio v5.2 software.

SMALP Fractionation Western Blot

Fractions described above in “Native Nanodisc Isolation” and “SMA Solubility Western Blot” were
collected and used for western blot analysis. 4 pg of spheroplasts (SP) and crude mitochondria
(CM) were loaded, along with equal volumes of extracted soluble (S) and final elution (E) samples.

Western blots were performed as described above.

Statistical Analysis

All experiments were performed in at least biological triplicate, unless stated otherwise. In all
cases, "mean" refers to arithmetic mean, and "SD" refers to sample standard deviation. Statistical
analyses were performed using Microsoft Excel. p-values were calculated using an unpaired, two-

tailed, Student’s #-test. In all cases, n represents independent replicates of an experiment.

Additional Information
Code Availability

No coding was used or generated for the completion of this study.
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Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary

linked to this article.

Data availability

Next generation sequencing data (Fig. 2, Extended Data Fig 1) have been deposited to NCBI SRA
(BioProject ID PRINA679831; SRA accession SRP293543). Additional source data for Fig. 1-4
and Extended Data 1-3 are provided with the paper. All other data supporting the finding of this

study are available from the corresponding authors on reasonable request.
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Extended Data Figure 1. Genome-wide screen for CoQ trafficking genes identifies

uncharacterized UbiB protein Cqdl. a, Criteria for nine mitochondrial candidates used to

nominate genes for additional investigation. Submitochondrial localization was confirmed by

comparison to previous submitochondrial profiling datasets®, while protein function and human

ortholog criteria were determined with existing database mining (UniProt and PhylomeDB,

respectively). b, Schematic showing the submitochondrial localization of UbiB family proteins

Coqg8 (purple), Cqdl (red), and Cqd2 (gray). Cog8 is essential for CoQ biosynthesis in concert

with other Coq proteins (Coq1-9). ¢, Non-synonymous mutations identified using whole-genome

sequencing for strain mutC were analyzed with PROVEAN to filter for likely deleterious changes

(D-score < -4.1, shaded box). Gray, all genes; red, mitochondrial genes. Light, predicted neutral;

dark, predicted deleterious.
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Extended Data Figure 2. Cqdl influences cellular CoQ distribution. a, Western blot of
subcellular samples derived from fractionated WT, Acqdl, and Akgdl yeast. Spheroplast, SP;
crude mitochondria, CM; non-mitochondrial fraction, NM; enriched mitochondria, M. Kar2,
endoplasmic reticulum; Citl, mitochondria; B-actin, cytoplasm. b, Total CoQ from WT and Acqd!

yeast transformed with the indicated plasmids and grown in Ura—, pABA— media containing 0.1%
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(w/v) glucose and 3% (w/v) glycerol (mean = SD, n = 3). ¢, Cartoon of canonical protein kinase
A (PKA; 1ATP) and human COQ8A (4PED) showing protein domain organization. Protein
kinases often contain a -sheet rich N-terminal domain (gray) and a helical C-terminal domain
(yellow). COQS8A contains a unique N-terminal extension (purple) containing the invariant UbiB-
specific ‘KxGQ’ motif. d, Domain alignment of PKA and yeast UbiB proteins. Mitochondrial
targeting sequence, MTS; transmembrane domain, TM. e, UbiB family sequence alignment of
UbiB-specific and conserved protein kinase-like (PKL) features. Residue functions within the
canonical protein kinase or UbiB architecture are described below. The three conserved PKL
residues shown are essential for phosphoryl transfer activity. f, Homology model for Cqdl1 (light)
aligned with COQ8A (4PED, dark). The model was threaded using I-TASSER* and COQS8A
structure to guide modeling. Boxed and outlined in black are residues described in g, and
unmodeled regions are colored in brown. i, Zoomed in view of conserved PKL and UbiB-specific
residues. h, Growth rate of WT and Acgd! yeast transformed with the indicated plasmids (EV,
CODI1 or CQDI point mutants) and grown in Ura—, pABA— media containing 0.1% (w/v) glucose
and 3% (w/v) glycerol (mean + SD, n = 3). Yeast were treated with 0 (colored bars) or 1 uM 4-

HB (white bars, superimposed) to determine rescue of respiratory growth.
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a, Serial dilution drop assay of indicated yeast strains grown for 3 days on solid pABA— medium

containing 2% (w/v) glucose, 0.5% (w/v) ethanol (EtOH), and 0-25 uM 18:3. b, Total CoQ from

WT and AcqdiAcqd? yeast transformed with EV or endogenous COD2 and grown in Ura-,

pABA—- media containing 0.1% (w/v) glucose and 3% (w/v) glycerol (mean = SD, n = 3). ¢,

Homology model for Cqd2 (light) aligned with COQ8A (4PED, dark). The model was threaded

using I-TASSER* and COQS8A structure to guide modeling. Boxed and outlined in black are

residues described previously (Extended Data Fig. 2f) and unmodeled regions are colored in
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brown. d, Zoomed in view of conserved PKL and UbiB-specific residues described previously. e,
Growth rate of WT and Acqd1Acqd? yeast transformed with the indicated plasmids and grown in
Ura—, pABA— media containing 0.1% (w/v) glucose and 3% (w/v) glycerol (mean + SD, n = 3).
Yeast were treated with O (colored bars) or 1 uM 4-HB (white bars, superimposed) to determine
recapitulation of respiratory growth defect. f, Western blot to determine solubility of Sdh4-GFP
target in the presence and absence of 2% (w/v) SMA. Input, IP; soluble, S; insoluble, IS. g,
Recombinant purification of His-tagged GFP nanobody (GFPnb) via nickel resin enrichment and
size-exclusion isolation. Lysate, L; clarified lysate, CL; flow-through, FT; elution, E; size-
exclusion chromatography, SEC. h, Differential scanning fluorimetry of recombinant GFPnb to
determine protein melting temperature. i, Growth rate of Sdh4-GFP yeast and indicated deletion
strains assayed in pABA— media containing 0.1% (w/v) glucose and 3% (w/v) glycerol and treated
with 0 (colored bars) or 1 uM 4-HB (white bars, superimposed) (mean + SD, n = 3). j, Total CoQ
from yeast strains described in i. k, Western blot to determine solubility of Sdh4-GFP target during
SMALP preparation from the indicated yeast strains. Input, IP; soluble, S; insoluble, IS. 1, Western
blot of SMALP isolation samples derived from the indicated yeast. Spheroplast, SP; crude
mitochondria, CM; soluble, S; elution, elution, E (or IMM patch). Kar2, endoplasmic reticulum;
Tom70, OMM; Vdac, OMM; Sdh4-GFP, SMALP target/IMM; Sdh2, IMM; Citl, mitochondrial

matrix.
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Chapter 5: Conclusions and Future Directions

Author Contributions: Zachary A. Kemmerer wrote this chapter.

Conclusions
Summary

Coenzyme Q (CoQ, or ubiquinone) is a redox-active lipid essential for many core
metabolic processes in mitochondria, including oxidative phosphorylation!, fatty acid oxidation?,
and nucleotide biosynthesis’. CoQ also serves as a key membrane-embedded antioxidant
throughout the cell*. Despite discovering CoQ more than 60 years ago, our understanding of CoQ
biosynthesis is incomplete and how CoQ is mobilized from its site of synthesis on the IMM to
other sites of action remains a longstanding mystery>. COQ8, a member of the highly conserved,
UbiB family of atypical kinases®’, is an essential gene for CoQ production. Importantly, human
UbiB proteins are connected to human disease, but lack effective treatment options.

The work presented in this thesis has advanced our understanding of (1) COQ8 biochemical
function by characterizing robust ATPase activity, identifying small-molecule modulators, and
generating a new tool for in vivo studies® and (2) identifying and characterizing previously
uncharacterized UbiB yeast homologs Cqdl (Ypll09¢c) and Cqd2 (YIr253w) as reciprocal
regulators of cellular CoQ distribution (Kemmerer, Robinson submitted). Collectively, this work
has created a foundation on which to study the molecular function of UbiB proteins in both CoQ

biosynthesis and CoQ mobilization.
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Small-molecule and Lipid Regulation of COQS8

Activity of protein and small-molecule kinases are often regulated by endogenous small-
molecules. Therefore, we wanted to investigate small-molecule modulation of COQ8 ATPase
activity using unbiased and targeted means. Previously, we identified OHB (octaprenyl
hydroxybenzoate) and OPP (octaprenylphenol) as two top hits for co-purifying lipids from yeast
COQ8. Repeating this work with bacterial UbiB, affinity purification mass spectrometry was used
in collaboration with Joshua Coon’s laboratory to determine OHB and OPP are also highly
enriched lipids, highlighting a conserved preference for UbiB proteins to bind early CoQ pathway
intermediates. Using an orthogonal unbiased approach, one dimensional 'H nuclear magnetic
resonance ligand discovery was used to identify additional phenol derivatives resembling OHB
and OPP. Considering that binding of these early intermediates may stimulate COQ8 ATPase
activity, we then tested small-molecule mimics in vitro. Consistently, 2-allylphenol and 2-
propylphenol increased activity, which was further enhanced in the presence of Triton X-100. This
hinted that membrane association in vivo may be important for activation of COQ8 by CoQ
intermediates.

COQS8 contains a transmembrane (TM) domain, is membrane-associated, and performs its
functions at the IMM surface, suggesting that lipids could modulate its activity. In vitro assays
were used to determine liposomes binding and ATPase activity were dramatically enhance by the
presence of COQ8’s TM domain. Interestingly, liposome binding only occurred in the presence of
cardiolipin (CL), an important mitochondrial lipid. To identify residues important for membrane
binding, we first employed in silico modeling (coarse-grained molecular dynamics) in

collaboration with Matteo Dal Perraro’s laboratory. We confirmed these results in vitro,



165

demonstrating that mutations significantly reduced liposome binding, as well as COQS8 function
in vivo.

Since chemical tools for probing COQS8 function in vivo are lacking, we developed an
“analog-sensitive” Coq8 variant (Coq8-A4S) that could be acutely inhibited by halomethyl ketone
inhibitors. Using differential scanning fluorimetry, we demonstrated a highly specific interaction
between Coq8-4S and our inhibitor 3-MB-PPI in vitro. Next, we showed Coq8-A4S can fully rescue
Acoq8 yeast, suggesting intact protein function. Then, we showed that yeast expressing Coq8-A4S,
not WT, were inhibited by 3-MB-PPI, suggesting protein-specific inhibition in vivo. To understand
how CoQ biosynthesis is impacted during acute Coq8-4S inhibition, de novo CoQ production was
measured using quantitative mass spectrometry (Joshua Coon laboratory). Inhibition of Coq8-4S
led to a rapid decrease in heavy CoQ and buildup of early precursor PPHB. Notably, COQ8
represented the first UbiB family kinase, as well as the first mitochondrial protein, to be targeted
using the analog-sensitive system. Collectively, this work determined important in vivo small-
molecule regulators of COQ8 activity and developed the first acute inhibition system for
subsequent in vivo investigations of COQS8 function and the CoQ biosynthesis pathway. These
observations will be fundamentally important for the biochemical exploration of other UbiB family

atypical kinases.

UbiB Proteins Regulate CoQ Distribution

CoQ serves as a key membrane-embedded antioxidant throughout the cell, yet how CoQ
is mobilized from its site of synthesis on the IMM to other sites of action is unknown. To address
this gap in knowledge, we designed a genome-wide screen to identify mitochondrial machinery

involved in mobilizing CoQ. Elimination of endogenous genes involved in mitigating oxidative
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lipid stress (Agpx1/2/3) and supplementing media with polyunsaturated fatty acids (PUFAs)
required yeast to increase their extramitochondrial CoQ pools in order to survive. After inducing
random mutagenesis with ethyl methanesulfonate (EMS), surviving colonies were submitted for
next-generation sequencing and the results were filtered for likely deleterious mutations. Our
analyses yielded nine mitochondrial hits, of which only one was uncharacterized, Cqdl (CoQ
distribution protein 1, Ypl109c). We validated this hit by reintroducing COD/ into the mutant
strain (mutC) which restored mutC’s PUFA sensitivity. Further, targeted deletion of CQDI and
subsequent reintroduction into WT yeast recapitulated these results, suggesting that deletion of
CQOD] either increases total CoQ levels or alters cellular CoQ distribution.

We found that deletion of COD1 had no effect on total CoQ levels, suggesting subcellular
distribution may be altered. To test this, we fractionated cells and found altered CoQ distribution
in Acgdl yeast—decreased CoQ in mitochondria and increased CoQ in the microsomal fraction.
To validate this altered CoQ profile, we examined respiratory growth. Indeed, we found Acgqd!
yeast were respiratory deficient and growth was restored by supplementing with CoQ, as well as
headgroup precursors. Respiratory growth was dependent on conserved kinase motifs as well as
UbiB-specific residues, suggesting Cqd1 may possess phosphoryl transfer activity.

Given the similarity between Coqg8, Cqdl, and Cqd2 (Y1r253w, Mcp2), we anticipated that
Cqd2 might also be connected to CoQ biology. To test this hypothesis, we disrupted COD2 and
subjected single (Acgdl or Acqd?2) and double (AcqgdlAcqd?2) knockout strains to the previously
employed PUFA-stress and respiratory growth assays. Consistent with a model in which Cqd1 and
Cqd2 work in opposition, Acgd? yeast were sensitized to PUFA stress and had no respiratory
growth defects. Interestingly, AcgdlAcqd? showed an intermediate phenotype against PUFA

stress, and restored Acgd| respiratory growth, suggesting altered mitochondrial CoQ distribution.
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Importantly, these CODZ2 phenotypes were again dependent on conserved residues, suggesting
UbiB family proteins in yeast are all active phosphoryl transfer enzymes. Finally, we optimized a
method for isolating native nanodiscs to probe IMM CoQ pools directly. Consistent with our
previous results and model, IMM CoQ was down in Acgdl, up in Acgd2, and unchanged in
AcqdlAcqd? yeast. Overall, our results reveal new protein machinery central to CoQ trafficking
in yeast and lend new insights into the broader interplay between mitochondrial and cellular

processes.

Future Directions
COQ8 Function and Mechanism of Action

Through this work, fundamental questions have been addressed about how COQS8 supports
CoQ biosynthesis. Our work highlights essential facets of this COQS8 activity, including proximity
to the membrane, an intact TM domain, the presence of CL in the membrane, and early CoQ
intermediates. Stitching these observations together, we can hypothesize about COQS8’s function
and how this might happen in vivo, but the mechanistic underpinnings of this process remain
unclear. Conformational changes in COQS8 during ATP hydrolysis are likely linked to either the
extraction of early CoQ intermediates (e.g., PPHB) or assembly of other biosynthetic machinery
(complex Q). Extraction of PPHB from the IMM may itself catalyze the assembly of complex Q
as a lipid anchor, or this assembly may be driven by a second ATP hydrolysis event. Structural
work supporting this idea’ has only examined the globular domain of COQS8 (truncation of the TM
domain), so it is unclear what changes might occur in the TM domain region during hydrolysis.

Changes in the enzyme core may be propagated to the TM domain, and these changes might enable
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lipid extraction. Changes in the globular domain may also create a favorable protein-protein
interaction surface for enzyme recruitment.

To address some of these gaps, full length yeast (Coq8™4*!) and human (COQ8ANA!62)
proteins should be reexamined using deuterium-exchange mass spectrometry (DXMS) in the
presence of liposomes. Determining how the full-length protein behaves on a liposome membrane
in response to different phospholipid compositions (CL content), substrates (nucleotides), and
activators (CoQ mimics 2-allylphenol and 2-propylphenol) would yield important information
about TM-domain flexibility. This experiment could be advanced one step further by making
liposomes that contain PPHB, which may drive additional conformational changes that can be

detected by DMXS analyses.

COQ8 Activity is Influenced by Small-molecules and its TM Domain

We now recognize specific small-molecule interactions and unique structural elements are
important in modulating COQ8 activity. Our work demonstrates that these different layers of
regulation are highly conserved from humans to bacteria. However, many unresolved questions
remain regarding CoQ intermediate, CL, and TM domain modulation of COQ8 activity. CoQ
intermediate binding was first identified in a co-immunoprecipitation (co-IP) experiment where
overexpressed yeast Coq8 was purified from bacteria. Although conserved kinase and UbiB-
specific residues have been implicated in this binding event, where CoQ intermediates actually
binds to COQS8 is unclear. Determining whether these residues are directly involved will be
important for understanding how COQS8 functions and how to perturb its activity. Structural
investigations in the presence with CoQ analogs and intermediates will be important for achieving

this. Chemical'>!! and biological'>!* means are available for obtaining bona fide CoQ
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intermediates, but new approaches and tools will likely be needed to collect them efficiently, in
high purity, and in a soluble state ready for protein incorporation and subsequent structural
analyses. Further, important technological and method-based advances have made similar co-IP
experiments in yeast and human systems more tractable!*!7, Unbiased lipidomic and metabolomic
analyses of these samples has the potential to reveal additional small-molecule interactions that
may not yet be appreciated.

CL is the defining membrane constituent of the mitochondria!®, and it has been shown to
enhance both COQ8 liposome binding and ATPase activity in vitro. However, how CL impacts
COQ8 organization and activity in vivo is unknown. CL is a curvature inducing lipid that makes
up roughly 20% of the IMM!'?, a protein-dense and extensively folded environment that houses
large protein complexes important for energy production and mitochondria architecture. CL is

20-23 ‘influences the

required for the assembly of respiratory supercomplexes in yeast and mammals
binding and stability of MICOS subunits?*2°, as well as the organization and recruitment of
DRP1/Dnml during mitochondrial fission?”%, It is possible that CL plays a similar role in
regulating complex Q and CoQ biosynthesis via COQS8 localization and activity modulation.
Tuning CL levels in mitochondria could function as a rheostat for COQ8 activity. More
intriguingly, CL microenvironments have been proposed in seeding protein complexes, suggesting
that spatial organization of IMM lipids may play an important role in organizing COQ8/complex
Q and regulation CoQ production. Testing these models in vivo will be necessary for determining
what extent CL influences COQ8 activity. This may rely on cutting-edge microscopy techniques
capable of super-resolution imaging of co-localized mitochondrial CL and COQS8. Impressive
29,30

work from the Lippincott-Schwartz laboratory has pioneered new microscopic applications

and demonstrated the ability to track single protein particles across organelle networks over time?!.
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Pairing organelle-specific lipid labeling and protein tagging may enable tracking of CL-dependent
COQ8 localization/movement within mitochondria Understanding the CL-COQ8 dynamic may
inspire new treatments for CoQ deficiency. For example, increasing CL abundance may increase
CoQ production via enhanced COQS activity. This work is likely to provide new insights into the
regulated nature of submitochondrial lipid and protein organization?2.

Similar to COQ8, homologs in yeast and humans all have predicted TM domains.
However, important questions regarding the orientation of COQ8’s TM domain have yet to be
addressed. Examination of endogenous COQ8 from yeast and human cells show that it is a
peripherally-associated membrane-protein®*-3°, By itself, the human COQ8A TM domain has been
shown to dimerize*, and this association is driven by the presence of a GASyight motif*’. Coq8

dimers have also been identified from yeast??

, causing confusion over how COQ8 is oriented in
vivo. If the COQ8 TM domain is fully inserted, there would be 30-40 N-terminal residues located
within the IMS. This segment may form one or more helices that could interact with additional
protein machinery for regulatory purposes. If this is true, previous submitochondrial analyses may
support the existence of two COQ8 pools—some inserted and some merely membrane-associated.
Alternatively, if COQ8 exists as a peripherally-associated protein, it is likely that this domain is
partially inserted into the membrane to interact with CoQ intermediates, similar to the amphipathic
helix of COQ9%. Here, the N-terminal residues would have the ability to interface with matrix
proteins, possibly mediating complex Q formation through these interactions. Regardless, it is
intriguing to consider the COQ8 TM domain a membrane-associated “sensor,” integral to the
process of CoQ intermediate extraction and/or complex Q assembly. Targeted mutagenesis of

these N-terminal residues and those found in the TM domain are underway, and should shed light

on what amino acids and motifs are necessary in vivo. To address this in more detail, creating a
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COQ8 chimera protein with the COQ9 amphipathic helix would help infer the TM domain
function. Alternatively, native nanodiscs containing COQS8 could be isolated for subsequent
structural analyses to determine the precise orientation of this protein on a native membrane patch.
In addition to these experiments, future studies should focus on determining the existence and
functional requirement of COQ8 dimerization in vivo, with itself or with other UbiB homologs.
Collectively, this knowledge will serve as a foundation for future investigations of regulatory

elements that may influence general behavior, activity, or localized of other UbiB homologs.

Recent Advances in Understanding COQ8’s Role

Beyond the questions and gaps described above, two collaborative projects involving our
lab have used and generated additional chemical tools for COQS studies. In collaboration with
Jodi Nunnari’s laboratory, fluorescence co-localization of submitochondrial compartments in
yeast was done to explore how Coq8’s activity influences complex Q domain formation and
pathway flux°. In this study, it was determined that headgroup modifying enzymes (complex Q)
formed discrete foci within mitochondria, and certain proteins (Coq8, 1, 2, and 10) were not
included. Overexpression and acute inhibition of Coq8-4S (tool described in Chapter 2) resulted
in a near ablation of domain formation and rapid shut down (30 min) of de novo CoQ biosynthesis.
These results further support a model where COQ8 lipid interactions are essential for the formation
and stability of complex Q. This also represented the first application of our acute inhibition
system, paving the way for future COQS8 investigations and discoveries in vivo.

In a separate collaboration, a selective and potent inhibitor for endogenous COQ8A was
characterized®’, representing the second inhibitor available for the UbiB family. This tool will be

extremely valuable in teasing apart COQ8A and COQS8B function in vivo, as they are believed to
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have similar or redundant functions. Having both chemical and genetic perturbation options
available will accelerate future investigations of these two human proteins, in terms of their tissue-
specific functions, as well as mechanistic details about their active site architecture and catalytic
properties. Overall, this work suggests that UbiB family proteins are amenable to chemical
inhibition. Developing similar tools for other UbiB proteins would significantly improve our

ability to study these uncharacterized proteins in vivo, as in vitro biochemistry is not yet accessible.

CoQ Distribution—A New Frontier

Despite knowing that CoQ is localized ubiquitously across the cell for almost 60 years*!,
the molecular details of CoQ’s mobilization have remained unresolved. Two competing models
exist for explaining the widespread distribution of CoQ—means of trafficking or local production
must be present. Although evidence exists to support the ladder*>*, the distribution model is
substantially stronger, in part because most CoQ biosynthetic machinery has been localized
exclusively to mitochondria across a host of eukaryotic systems. Previous labelling experiments**
support a model where CoQ is synthesized in mitochondria, makes it way to the ER via connective
MAMs, and enters the endomembrane system for widespread cellular distribution. Within this
model, several genes have been implicated in the terminal endomembrane system**4, which has
been suggested to function in both CoQ distribution and uptake. However, no other genes had been
connected to CoQ distribution, including steps that occur in mitochondria after its synthesis.
Addressing this gap, our work identified yeast Cqdl and Cqd2, two previously uncharacterized
IMM localized UbiB proteins that reciprocally regulate CoQ distribution across the cell. However,
it is unclear how exactly these proteins are involved in CoQ distribution and how they function

mechanistically. Further, we predict that other protein machinery is required to facilitate CoQ
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mobilization from the IMM to the ER, but the identity of these additional factors is currently

unknown.

Possible Mechanism of Action for Cqd1 and Cqd2

Cqdl and Cqd2 only share limited sequence identity with Coq8, but they contain all of the
conserved catalytic kinase residues, most UbiB-specific motifs, the large N-terminal extension
(KxGQ domain), and a predicted TM domain. Using predictive threading algorithms
(iTASSER)*’, homolog models for Cqdl and Cqd2 reveal that catalytic residues are similarly
oriented when compared to COQ8A (PDB: 4PED). Like COQS8, mutating conserved kinase
residues and UbiB-specific motifs generally ablates respiratory growth phenotypes, suggesting
that Cqd1l and Cqd2 are likely phosphoryl transfer enzymes with similar structural features to
COQ8.

Based on these similarities, a few models can be proposed for how Cqdl and Cqd2
function. It’s possible that Cqd1 and Cqd2 function identically to Coq8, as CoQ handling proteins
that extract or deposit mature CoQ at the IMM. Lipid binding has not yet been tested for Cqd1 and
Cqd2, but it is reasonable to predict one or both proteins bind CoQ (or CoQ intermediates). In the
absence of COD1, CoQ is skewed away from mitochondria to extramitochondrial compartments,
which could be explained by unregulated Cqd2 extraction from the IMM. Similar to the model
where Coq8 presents intermediates to complex Q, we predict that Cqd2 functions in complex with
other IMS proteins, potentially a larger complex such as MICOS. Previous work has identified a
physical interaction for Cqd2 with Mic60 (MICOS subunit)*®, as well as its human orthologs
ADCKI1 and 5'* (Figure 1A-B). MICOS has well-established roles in maintaining mitochondrial

cristae structures and lipid homeostasis*’, and has recently been co-localized to ER-mitochondria
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contact sites>’, making this an intriguing candidate for further investigations. Targeted analyses
will be needed to determine if Cqd proteins can bind CoQ and if other IMS proteins are required

for proper CoQ distribution.

A Yeast . C)ST i”fz Human
- /\ © @1 @

Publ|shed @ @ . @ @ @@
______ MICOS MICOS subcomplex #1
' Unpubllshed N auxillary factor

T MICOS subunits MICOS subcomplex #2

Figure 1. Protein Interaction Network Suggests a Possible Connection to Mpm1, MICOS.
Figure was generated using information from the BioGRID database (v4.2.192), as well as
unpublished data from our lab and Jared Rutter’s Laboratory. A, Co-immunoprecipitation data
from yeast reveals a strong interaction between Cqd proteins and uncharacterized IMS protein,
Mpml. A network of interactions is also present with various MICOS subunits. B, Protein
interaction network for human orthologs ADCK1, 2, and 5 also includes MICOS subunits, as

well as IMS/IMM protein STOML?2 (SLP2).

Notably, unpublished work from our lab and Jared Rutter’s Laboratory identified a strong
interaction between Cqd proteins and uncharacterized IMS protein Mpm1 (mitochondrial peculiar
membrane protein 1) (Figure 1A). Nothing is known about the biological role of Mpml1, but it was
initially isolated from the insoluble fraction of a yeast cell lysate using Triton X-100°!, suggesting
that Mpm1 is either membrane-associated or tightly associated with membrane-bound proteins.

Mpml also physically interacts with multiple MICOS subunits*®*-2, as well as Mdm10%, the
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mitochondrial subunit of ERMES. Connecting these observations, Mpm1 emerges as a strong
candidate to interface with Cqd proteins, MICOS, and potentially ERMES to enable IMM to ER
CoQ transfer. Although there is no obvious relationship with Mpm1, STOML2 (SLP-2) is an
interesting human protein that appears similarly fitting in terms of its physical interactions and
submitochondrial localization (Figure 1B). STOML?2 is an IMM/IMS protein that binds CL-rich
microdomains in the IMM, stabilizes proteins such as prohibitins, and has been implicated in
regulating mitochondrial biogenesis and energetic activity>*. Further, STOML2 was originally
discovered and characterized as an Mfn2 binding partner®®, suggesting a connection to eukaryotic
ER-mitochondria crosstalk. Together, this collection of mitochondrial proteins from yeast and
humans warrant additional studies to determine if they participate in the CoQ distribution pathway.
Proposing a model for Cqd1 is more difficult because it likely functions in a different way
than Cqd2. With the vast majority of CoQ synthesize in the IMM, active CoQ import/insertion
seems inefficient for “balancing” Cqd2-driven export. Instead, a model whereby Cqd1 directly or
indirectly regulates Cqd2 activity is better supported by our work and other previous observations.
A physical interaction between Coql and Coq?2 has not yet been identified, but each have a strong
interaction with Mpml1, potentially representing the functional conduit between these two proteins.
As mentioned above, Mpm1 and Cqd2 have extensive interactions with MICOS, so Cqdl could
influence protein-protein interactions via conformational changes during nucleotide hydrolysis.
Interestingly, nucleotide specificity may also influence the activities of Cqd1 and Cqd2. In
vitro nucleotide binding assays for COQ8 have shown its unique alanine-rich nucleotide binding
loop (‘AAAS’) flips its preference from ATP to ADP. Cdql has a more traditional G-rich loop
motif GVGS, while Cqd2 has a mixed motif GVAS. Investigating each of these COQS8 residues

with A-to-G mutations, it was determined that A339G (underlined) led to an a 6-fold increase in
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selectivity for ATP over ADP, while A337G did not flip nucleotide specificity>® . Based on these
results, Cqdl is predicted to bind ATP, while Cqd2 may prefer to bind ADP, similar to Coq8. This
difference in substrate preference has the potential of influencing enzyme activity to regulate CoQ
distribution under varying energetic states. This hypothesis will need to be tested and validated
using multiple in vitro and in vivo approaches.

One major caveat that is difficult to explain is why CoQ distribution in the absence of both
cqd genes (Acqd1Acqd?) is similar to WT conditions. If Cqd2 does facilitate CoQ export and Cqd1
functions to tune Cqd2-mediated distribution, mitochondrial CoQ levels in AcgdiAcqd?2 should
resemble Acqd? yeast. One possible explanation is that a redundant CoQ distribution mechanism
is activated in the absence of the Cqd1-Cqd2 system. Deletion of these genes could invoke a stress-
like response that effectively circumvents this part of the pathway. Alternatively, Cqd1 may in fact
facilitate active import of CoQ in the absence of cqd2, which is not observed in the AcqdlAcqd?2
strain. If this is true, it would appear that Cqd1 and Cqd?2 are likely required to respond to specific
stimuli or acute stress. Investigation of temporal changes in CoQ distribution in response to
different stress (e.g., PUFA supplementation) will be essential to addressing these possibilities.
Revisiting previous proteomic datasets and designing new proteomic experiments that incorporate
these stress conditions should provide clues about this pathway.

Definitive validation of this will require recombinant protein purification, in vitro
biochemistry, and structural analyses. These experiments are not yet accessible due to our inability
to purify other UbiB proteins. These proteins have putative TM domains and are closely associated
with the membrane, making them highly insoluble targets. Efforts to reconstitute insoluble protein
from the pellet using a more extensive panel of detergents may prove useful. Alternatively, Cqdl

and Cqd2 purification may require the isolation of native nanodiscs (SMALPs; SMA lipid
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particles), an approach that preserves the native lipid environment to enhance protein stability (Lee
2016). Work described in Chapter 4 pioneered a new method for collecting native nanodiscs
containing a GFP-tagged protein (Figure 2A). Importantly, GFP-tagged Cqdl and Cqd2 protein
obtained via this method could still be used in our lipid-compatible activity assays (discussed in
Chapter 2). This approach is more low-throughput than standard protein purification, but is still
amenable to point mutant analyses. Further, this approach is likely to improve the chances of
collecting stable, functional protein by (1) isolating protein from its endogenous environment thus
eliminating any predictive/damaging truncations, (2) removing the need for structure/function
disrupting chemicals like detergents, and (3) isolating a native patch of membrane to enhance
protein stability, especially for integral membrane proteins. Future efforts should be directed at the
purification or endogenous collection of Cqdl and Cqd2 to enable in vitro biochemistry and

structure elucidation studies (Figure 2B).
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Figure 2. Using Cqd1 and Cqd2 SMALPs for In Vitro Biochemistry. A, Native nanodiscs

containing endogenously tagged or overexpressed Cqd1/2-GFP can be isolated using methods
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described in Chapter 4. B, Isolated protein can be used to determine co-purifying proteins and

lipids, ATPase activity in the presence of different small-molecules, and structural information.

Other Machinery that might be Involved

We predict that other protein machinery is required to facilitate CoQ mobilization from the
IMM to the ER, including Mpml, MICOS, and ERMES. However, there could be additional
machinery involved that cannot be anticipated. Importantly, our screen has identified 8 other
candidate mitochondrial genes that require targeted validation. One of these genes, FAA1, is a long
chain-fatty acyl-CoA synthetase that was previously identified in mitochondria®’, but have since
been localized to ER and lipid droplets®®*°. Previous work showed that the altered lipid profile of
AfaalAfaa4 yeast can be rescued by a number of human ACSL proteins, including ACSL4%.
ACSLA4 is a key driver in ferroptosis, and deletion of this gene prevents cells from accumulating
oxidative lipid stress®!. Based on this, it may follow that deletion of FAAI is protective during
PUFA supplementation. NDE?2, another intriguing hit, is a NADH dehydrogenase that is capable
of converting oxidized CoQ to the reduced form®. Although no yeast homolog has yet been
identified, Nde2 (and Ndel) are candidate orthologs of human FSPI1, the plasma membrane
oxidoreductase involved in preventing ferroptosis®*%4.

In addition to the mitochondrial hits, there are 90 extramitochondrial genes that were
identified that we did not explore. These hits are localized to a wide range of organelles and may
function in organelle-specific import or handling of CoQ. These may also represent hits involved

in dampening cellular lipid stress toxicity that would be beneficial for survival. Although

ferroptosis has not been described in yeast, they appear to possess the necessary machinery to
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combat such cellular assaults. Targeted validation and future investigations of genes identified
from our screen will likely be fruitful for understanding how cells combat acute lipid toxicity.
Further, it should be noted that our screen was designed to identify suppressor mutations
that release excessive amounts of CoQ to enable survival. This effectively identifies genes that
retain CoQ in mitochondria. An exciting prospect will be exploring the opposite pathway direction
by designing a screen for genes tasked with moving CoQ out of mitochondria. Using a parental
strain with disrupted CoQ production (e.g., Coq2 activity impaired mutant®), respiratory growth
could be save by the deletion of CoQ mobilization genes. In this hypothetical screen, you would
expect to find COD?2, as well as some of the predicted proteins described above (MPM1, MICOS
and ERMES subunits). The challenge in designing this screen would be tuning CoQ levels such
that the parental strain has sufficiently low CoQ levels to impair respiratory growth, and deletions
rescue well enough to be identified. Alternatively, Agpx1/2/3 yeast could be treated with a
mitochondria-specific or genome-wide CRISPRa (CRISPR activation) library to determine what
overexpressed genes improve cell survival in the presence of PUFA, identifying genes that
enhance CoQ export from mitochondria. Collectively, our work outlines important next steps for

identifying additional machinery required for cellular CoQ distribution.

Cqd1 and Cqd2 Orthologs in Human Disease

In humans, five UbiB proteins have been identified, ADCK1-5%. While COQ8A (ADCK23)
and COQ8B (ADCK4) have established roles in CoQ biosynthesis and human disease®®7%8, the
biological roles of other ADCK proteins remain elusive. Genome-wide knockdown studies have
implicated these uncharacterized ADCK genes in several cancer disease states®-2, As novel targets

for human disease intervention, it will be vital to determine if functional conservation exists
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between Cqdl and Cqd2 and their putative human orthologs, ADCK2 and ADCKI1 and 5
respectively (Figure 3A). A recent attempt to measure plasma membrane CoQ in CRISPR-
mediated ADCK?2 knockdown cells was unsuccessful (unpublished data) (Figure 3B). However,
using H460 (human lung cancer) cells®, we have seen ADCK-dependent changes in cell survival
during co-treatment with RSL3 and iFSP1 (induction of ferroptosis), but attempts to replicate the
data have failed (unpublished data) (Figure 3B). It is possible that our system is not sensitized
sufficiently, or the difference between strains/conditions is not large enough to detect.
Alternatively, these proteins—in yeast and/or humans—may influence lipid transport and
homeostasis more broadly, beyond CoQ. Determining functional conservation in humans should
be a main priority for this project moving forward. UbiB proteins appear to be promising druggable
targets, demonstrated by recent work employing small-molecule inhibitors against COQ8%4,
Therefore, having a better understanding of ADCKI1, 2, and 5’s biological function will assist in

chemically targeting these proteins in human disease.
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Figure 3. Human Orthologs and Determining Functional Conservation. A, Phylogenetic tree
of UbiB family proteins from humans, yeast, and bacteria. Highlighted in colored boxes are the

putative human orthologs of Cqdl (ADCK2) and Cqd2 (ADCKI1 and 5). B, To test for functional
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conservation in these human orthologs, we performed knockdown studies of ADCK genes and
attempted to monitor changes in CoQ at the plasma membrane, both directly via fractionation
experiments and indirectly via a ferroptosis-dependent cell viability assay. These experiments

were inconclusive, but warrant a deeper investigation.

Tool Development

Other UbiB proteins have been recalcitrant to recombinant purification efforts, so new tools
and approaches will be needed to effectively investigate CoQ distribution. Clever screens, refined
purification schemes, and improved approaches for defining in vivo interactions will all be useful
in defining UbiB protein function. However, development of new tools will likely be necessary to
fully understand and appreciate the endogenous organization and regulation of CoQ distribution.
Specifically, the ability to track endogenous CoQ), either visually or enzymatically, would enhance
our ongoing investigation immensely.

Recent innovations in synthetic chemistry have provided new chemical approaches for
labeling a variety of lipids in vivo”. Bifunctional lipids, or clickable and photoactivatable lipid
analogues, are emerging as key chemical tools that enable global profiling of lipid-protein
interactions, as well as lipid tracking. Paired with advancing microscopic platforms, it is possible
to track lipid species in particular parts of the cell in real-time. One major hurdle is designing a
fluorescent lipid probe without perturbing its endogenous function. Fluorescent tags are often large
and bulky moieties can displace a lipid or disrupt endogenous interactions. For some lipids, such
as cholesterol and sphingolipids, fluorescent probes exist that are tolerable’>. However, this has

been more challenging for CoQ since it exists within the lipid bilayer and its quinone moiety is
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essential for is function, likely through protein interfacing. Application of a smaller, hydrophobic
probe to the prenyl tail may be the most promising approach in this regard.

An alternative approach that is gaining traction is Raman scattering microscopy (Coherent
anti-strokes and stimulated; CARS and SRS)7*. These are non-invasive approaches that selectively
image the vibration pattern of endogenous chemical groups, enabling high-resolution and three-
dimensional imaging of these in vivo molecules”. In 2008, SRS was used to track retinoic acid
(RA) penetration of mouse epidermis’®, and RA is structurally similar to CoQ. Intriguingly, RA
was tracked via the conjugated C=C bonds in its di-prenyl tail, suggesting that the polypreny] tail
of CoQ may have a unique Raman signature that can also be tracked in vivo. With improved
instrumental advances, CARS and SRS are now amenable for high-throughput screening in
transparent biological samples, such as human tissue culture and worms’’. These approaches
support long-term sample analyses due to the absence of photobleaching’®, but can be paired with
traditional fluorescent analyses if needed’”. Overall, Raman scattering microscopy is a promising
option for visualizing endogenous CoQ that should be explored for future studies.

Finally, having an enzymatic or functional CoQ “sensor” would also be useful, potentially
for organelle-specific investigations. Several proteins have been shown to bind CoQ to perform
their endogenous function, such as mitochondrial DHODH (dihydroorotate dehydrogenase)?. Due
to mitochondrial permeability of both substrate and product, DHODH can be localized to other
organelle surfaces across the cell without impacting cell viability. As such, DHODH could
function as a CoQ-sensor at different organelles (e.g., ER, Golgi) by reading out DHODH activity
from those specific compartments. This may require extensive cell fractionation and there might
be concerns about indirect effects from altered nucleotide biosynthesis. Another option is the

bacterial ArcA/ArcB two component signaling system, which senses quinone redox state via
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autophosphorylation®’. Preliminary exploration of these two ideas are ongoing in our lab. Beyond
an engineered CoQ sensor, identification of extramitochondrial phenotypes would also be useful
to incorporate into our studies. Recent work has shown that changes in lysosomal CoQ distribution
results in altered organelle pH®!, which could be leveraged as an extramitochondrial readout under
certain conditions. The creation of new tools and approaches for studying CoQ endogenously are
needed to explore important facets of CoQ distribution, such as its spatial and temporal regulation
across the cell. Collectively, our work suggests that UbiB family proteins may function generally
to manage quinone biology, an exciting new frontier where scientific discoveries and technological

innovation will likely progress in parallel.
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