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SUMMARY

The biosynthesis of coenzyme Q presents a paradigm for how cells surmount hydrophobic barriers
in lipid biology. In eukaryotes, CoQ precursors—among nature’s most hydrophobic molecules—
must somehow be presented to a series of enzymes peripherally associated with the mitochondrial
inner membrane. Here, we reveal that this process relies on custom lipid-binding properties of
COQ9. We show that COQ9 repurposes the bacterial TetR fold to bind aromatic isoprenes with
high specificity, including CoQ intermediates that likely reside entirely within the bilayer. We
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reveal a process by which COQ9 associates with cardiolipin-rich membranes and warps the
membrane surface to access this cargo. Finally, we identify a molecular interface between COQ9
and the hydroxylase COQ7, motivating a model whereby COQ9 presents intermediates directly to
CoQ enzymes. Overall, our results provide a mechanism for how a lipid binding protein might
access, select, and deliver specific cargo from a membrane to promote biosynthesis.
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Lipid metabolism and transport relies on proteins that operate at the membrane-water barrier and
have dynamic interactions with membranes, lipids, and other proteins. Lohman et al. report
mechanistic insights into how COQ9 might access, select, and present specific membrane-cargo to
a peripheral membrane enzyme during coenzyme Q biosynthesis.
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INTRODUCTION

The synthesis and transport of biological lipids in a largely aqueous cellular terrain poses a
longstanding problem in biology (van Meer et al., 2008) (Prinz, 2010). A requisite first step
in these processes is to access and separate a lipid from its local membrane environment.
One of nature’s strategies for dealing with such hydrophobicity challenges is to employ lipid
binding proteins, which possess diverse modes-of-action. Transmembrane enzymes, like
stearoyl-CoA desaturase, penetrate biological membranes and bring enzymatic function to
the hydrophobic milieu (Bai et al., 2015). Lipid chaperones, like acyl carrier protein (Chan
and Vogel, 2010) (Crosby and Crump, 2012) or Ups1/Mdm35 (Connerth et al., 2012)
(Watanabe et al., 2015; Yu et al., 2015), solubilize lipids in a hydrophobic pocket and
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transport them to soluble enzymes or insert them into membranes. Lipid liftases, like saposin
C (Rossmann et al., 2008) or PIsC (Robertson et al., 2017) act at the membrane-water barrier
to partially lift the lipid from the bilayer. Biosynthesis and spatiotemporal distribution of
cellular lipids, from fatty acids to sterols, may depend on one or more of these strategies.

Coenzyme Q is a redox-active isoprene lipid that serves as a cofactor for numerous enzymes
across all domains of life (Stefely and Pagliarini, 2017). Deficiency in CoQ is linked to
many rare inborn errors of metabolism, and to common diseases including Parkinson’s and
type Il diabetes mellitus (Fazakerley et al., 2018; Hughes et al., 2017; Stefely and Pagliarini,
2017). The molecular structure of CoQ is remarkable: its extraordinary isoprene tail—
composed of 50 carbons in humans—places it among the most hydrophobic molecules in
nature. This hydrophobicity keeps CoQ sequestered within the inner leaflet of the inner
mitochondrial membrane where it passes electrons between complexes | & Il and complex
[11in the electron transport chain. The CoQ tail is attached to an immature head group
precursor at an early step in CoQ biosynthesis. In eukaryotes, enzymes within complex Q
(a.k.a., the CoQ synthome) then modify this precursor to generate mature CoQ (Figure S1A)
(Stefely and Pagliarini, 2017; Tran and Clarke, 2007). For these modifications to occur,
complex Q enzymes must gain access to these hydrophobic precursors, which, like mature
CoQ (Metz et al., 1995; Ulrich et al., 1985), are thought to reside within the hydrophobic
portion of the membrane (Stefely and Pagliarini, 2017); however, how this access is granted
remains unknown.

Recently, we revealed that COQ9—a poorly characterized protein associated with CoQ
biosynthesis that structurally resembles the TetR family (TFR) of proteins (Lohman et al.,
2014)—can bind lipids, suggesting that it may help complex Q overcome this hydrophobic
challenge. Loss of COQ9 function in many organisms results in severe CoQ deficiency and
underlies human disease, demonstrating its central role in this pathway (Danhauser et al.,
2016; Duncan et al., 2009; Garcia-Corzo et al., 2013; Johnson et al., 2005; Luna-Sanchez et
al., 2015; Smith et al., 2018). However, which lipid(s) COQ?9 binds, how it accesses this
cargo, and how this binding may assist other pathway enzymes have remained open
questions.

Here, we investigate the molecular mechanism of COQ9 lipid-binding biochemically and
computationally. We find that COQ?9 binds aromatic isoprene lipids, accesses membranes via
a terminal amphipathic helix, and that both of these functions are crucial to its biological

role in CoQ production. We further establish a likely molecular interface between COQ9 and
COQ7—the hydroxylase that catalyzes the penultimate step in CoQ biosynthesis.
Collectively, these data suggest models in which COQ9 enables CoQ biosynthesis by
accessing CoQ intermediates from the leaflet of the mitochondrial inner membrane and
presenting them to a biosynthetic enzyme in the pathway.

COQ?9 specifically binds aromatic isoprenes

We recently reported the fortuitous co-crystallization of COQ9 with a mixture of
phospholipids (Lohman et al., 2014). This discovery, along with structural homology to

Mol Cell. Author manuscript; available in PMC 2020 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lohman et al.

Page 4

ligand binding domains of the TFRs and a predominantly hydrophobic cavity, defined COQ9
as a lipid-binding protein. Yet, the identity of bona fide COQ9 ligands remains unknown.

To identify endogenous lipid ligands of COQ9, we purified a tagged version of its yeast
ortholog (Coq9p-FLAG) from Saccharomyeces cerevisiae and identified ligands by mass
spectrometry. Among various co-purifying lipids were several CoQ intermediates (Figure
S1C,S1D; Spreadsheet S2). Membrane-associated proteins purified from endogenous
sources are often accompanied by non-specific lipids. Therefore, to distinguish specific lipid
interactions from non-specific binders, we mutated the highly conserved, surface-exposed
tryptophan that resides near the co-crystallizing phospholipid in our previous COQ9
structure (Figure S1E) and is essential for COQ9 function (Lohman et al., 2014).
Interestingly, this mutation was not well tolerated in S. cerevisiae (see Figure 6), so we
performed these experiments in Escherichia coli, which lack a COQ9 homolog.

Specifically, we purified tagged (His-MBP) versions of human COQ9NA (the version of
COQ9 whose structure we solved previously; see Table S1), COQ9NA79W240K (this same
construct with the tryptophan mutated to lysine), and His-MBP alone from E£. coli, and again
identified co-purifying lipids by mass spectrometry (Figure 1A, Spreadsheet S2). Consistent
with our previous work, phospholipids were the most abundant species co-purifying with
COQ9 (Lohman et al., 2014); however, the W240K construct also co-purified with many
phospholipids (Figure 1A). Remarkably, all identified lipids specifically enriched in WT
COQINAT® were aromatic isoprenes, including CoQ reduced) Menaguinone (a bacteria-
specific CoQ-like molecule), and their various precursors (Figure 1B,S1F). This enrichment
in lipids resembling CoQ was not due to a global change in lipid levels in the £. coli
expressing the recombinant protein (Figure S1G).

To understand how COQ9 accommodates isoprenes, we co-crystallized COQ9 with the
isoprene lipid geranylgeraniol (Figure 1C), as CoQ intermediates themselves have low
solubility and are not commercially available. We performed these co-crystallization
experiments with a truncated protein (COQ9NA79.CA31y g remove a C-terminal amphipathic
helix that previously co-crystallized near the lipid binding site, possibly occluding ligand
entry into the binding pocket when COQQ is not associated with a membrane (Figure S2E).
We determined the geranylgeraniol: COQ9NA79.CASL strycture to 2 A (Table 1, PDB: 6DEW).
Six isoprene positions on multiple COQ9 chains in the unit cell were well-defined in the
electron density (Figure S2A,S2B), with isoprenes commonly positioned along a
hydrophobic surface of COQ9 and in the hydrophobic cavity (Figure 1C,S2C). Additionally,
the a.7-a8 loop that contains W240 adopted multiple conformations in the crystal lattice,
moving up to 17.7 A, indicating dynamic movement of the residue that conferred ligand
specificity above (Figure S2D). The multiple isoprene positions suggest a model whereby
the long-chain isoprene of a CoQ-like molecule would occupy the hydrophobic regions of
COQ9 while the aromatic head group extends towards a flexible W240 (Figure 1D).
Together, the co-purification of COQ9 with CoQ intermediates from an endogenous context
in yeast, its selective co-purification with several aromatic isoprenes from bacteria, and its
crystallization with an isoprene lipid suggest that binding CoQ isoprene intermediate(s) is
central to COQ9’s molecular function. To our knowledge, this is the first lipid binding
protein with specificity for this lipid class.
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The amphipathic 10t a-helix of COQ9 drives membrane association

Within mitochondria, CoQ isoprene intermediates are thought to be either embedded in the
inner mitochondrial membrane (IMM), like mature CoQ, or to be channeled through the
membrane-associated complex Q in a ‘metabolon’-like fashion (Stefely and Pagliarini,
2017). We sought to define how COQ9 might access CoQ intermediates from the IMM and
how COQJ9 accessed the membrane-embedded lipids reported here (Figure 1). In addition to
its core TetR fold—a base architecture that can enable binding of specific metabolites,
including hydrophobic polyketides and fatty acids (Cuthbertson and Nodwell, 2013; Ramos
et al., 2005; Yu et al., 2010a)—COQ9 also possesses a distinct, amphipathic C-terminal 10t
a-helix (a10) not typical among TFR proteins (Figure 2A,2B). Similar structural features
are used by other lipid binding proteins to drive their interactions with membranes (Chua et
al., 2017; Cornell, 2016; Suetsugu et al., 2014), leading us to hypothesize that a.10 has a role
outside the canonical TetR fold, potentially to localize COQ9 to membrane-bound cargo in
the IMM. We determined the structure of the a.10-containing COQINA79 to 2 A resolution
and discovered that a 10 extends away from the rest of COQ9, forming a crystal contact at
the interface of two adjacent COQ9 chains in the crystal lattice (Figure S2F; Table 1, PDB:
6AWL). Furthermore, coarse-grained molecular dynamics (CG-MD) simulations of COQ9
in solution revealed a dynamic 200-degree movement of a10 where a.10 collapsed on the
hydrophobic surface of COQ9 within 3 us, moved across this surface for 7 ps, and
eventually re-extended (Figure 2C, Movie S1).

To examine the mechanism of COQ9 membrane association, including a potential role for

a 10, we performed CG-MD simulations of COQ9 with membrane models comprised of
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cardiolipin (CL) to resemble
the IMM (Daum, 1985). In these simulations, COQ9 invariably associated with the
membrane in a multi-step fashion (Figure 3A, Movie S2). COQ9 first diffused in the
aqueous environment until two lysines (K288, K291 in Step 1) in the a9-a.10 loop interacted
electrostatically with phosphate head groups of negatively charged cardiolipin. Second,
hydrophobic residues of a10 (V290, L297, V298, L301, M302 in Step 2) interacted with the
membrane, reaching the glycerol backbones of membrane phospholipids. Next, the protein
core (al-a9) approached the membrane, first with a8 (W240, Y241 in Step 3) and then
with a7 (P210, H211 in Step 4). Finally, residues along the hydrophobic surface of COQ9
were exposed to the membrane (P201, L204, 1206, M208, L209, 1213, L217, L256 in Step
5).

To investigate the step-wise membrane binding mechanism biochemically, we tested
whether COQ9 alanine mutants of residues contributing to Steps 1-4 affected liposome co-
flotation (Figure 3A,3B,3C,S3A). Consistent with simulations, neutralizing the electrostatic
interaction in Step 1 decreased membrane association, while mutations to residues mediating
Steps 3 and 4 did not (Figure 3B,3C). Alanine mutants of a.10 hydrophobic residues in Step
2 reduced liposome association the most (Figure 3B,3C). Similarly, mutating a.10
hydrophobic residues to serine or fully deleting a.10 reduced liposome association by more
than 60% (Figure 3D,3E). Importantly, all tested mutants had robust thermal melt curves,
indicating stably folded protein (Figure S3B).
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COQ?9 association with cardiolipin-rich membranes warps the lipid bilayer

COQ9 membrane association was strongly influenced by CL, a quintessential mitochondrial
lipid with key roles in cristae organization and respiratory supercomplex formation (Acehan
et al., 2011; Gohil et al., 2004; Ikon and Ryan, 2017; Zhang et al., 2005). In CG-MD
simulations featuring a simple PC-based membrane model, COQ?9, although approaching the
membrane several times, was not able to establish a specific and stable interaction with the
membrane (Figure 4A,S3G). Consistently, cardiolipin specificity was observed
biochemically in liposome co-flotation assays (Figure 4B,4C,S3C-S3F).

Our simulations also revealed striking features of membrane lipid organization upon COQ9
association. In Step 5, the hydrophobic surface of COQ9 displaced lipid head groups,
creating a deformation in the membrane, an area void of phosphate head groups, and a
higher concentration of CL surrounding a7, a8 and a.10 (Figure 4D, Movie S3). Lipids
interacting with COQ9 had low diffusion coefficients, where recurrently binding CL
molecules persisted for over 5 s and established favorable interactions with residues K288
and W240 (Figure S3H). The local deformation of the membrane surface caused lipids
surrounding COQ? to be orthogonally displaced from the membrane surface by ~5 A while
their hydrophobic tails entered the hydrophabic cavity of COQ9 (Figure 4E,S3I, Movie S4).
Such lifting of lipids off the membrane by a peripheral membrane protein is reminiscent of,
although distinct from, the mechanism observed in a previous MD study reporting the partial
extraction of a single PC molecule into the hydrophobic pocket of phosphatidylinositol
transfer protein-a (PITPa) (Grabon et al., 2017). These observations in CG-MD simulations
provide a potential molecular mechanism for how COQ9 extracted lipid cargo in the
adventitious co-crystallization with phospholipids and in the specific co-purification with
aromatic isoprenes. Collectively, our computational and biochemical findings support a
model whereby the amphipathic a.10 drives membrane association in a multi-step fashion
and poises the hydrophobic surface of COQ9 to deform the IMM in order to access
membrane-bound lipids.

COQ?9 interaction and interface with COQ7 suggest a lipid presentation role

Prior studies in human patients (Danhauser et al., 2016; Duncan et al., 2009; Smith et al.,
2018), mice (Garcia-Corzo et al., 2013; Lohman et al., 2014; Luna-Sanchez et al., 2015;
Wang et al., 2017), and yeast (He et al., 2015; Hsieh et al., 2007; Johnson et al., 2005) have
suggested that COQ9 may be especially important for the C6-hydroxylation step of CoQ
biosynthesis performed by the di-iron carboxylate hydroxylase COQ7 (Behan and Lippard,
2010; Lu et al., 2013; Stenmark et al., 2001b; Tran et al., 2006). Previously, we identified an
in vitro interaction between COQ9 and COQ?7, revealing through mutagenesis that a
conserved surface patch of COQ9 (D237, W240, Y241 in the flexible a.7-a.8 loop, Figure
S2D) mediates COQ7 binding (Lohman et al., 2014). Here, we identified residues of COQ7
that, reciprocally, are required for COQ9 binding (Figure 5A,5B,S4A). We designed 13
COQ7 point mutants based on evolutionary conservation and predicted solvent accessibility,
and we discovered that mutants within a predicted loop of COQ7 and mutants at the C-
terminus fail to bind COQ9 (Figure 5A,5B,54B). Interestingly, some of these residues,
although generally conserved, are absent in certain nematodes that lack COQ9 homologs
(Figure S4C).
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We used these biochemical data reporting on possible COQ9-COQ?7 intermolecular contacts
combined with the orientation of COQ7 and COQ9 on the IMM identified by our individual
simulations (Figure S5A) to determine a potential molecular interface of the complex. The
modeled conformation that fulfills these spatial constraints places the COQ9 hydrophaobic
surface (where isoprenes bind) adjacent to the COQ7 active site (Figure 5C,5D). The
protein-protein interface comprises a7, a8, and the a7-a.8 loop of COQ9 with a1, a2, and a
loop of COQ7, where key contacting interfacial residues include W240 and Y241 of COQ9,
and P108 and W115 of COQ?7.

To visualize this complex in a more endogenous context, we incorporated a partial COQ7
substrate (demethoxy CoQ with 5 isoprene units, DMQs) into our COQ9 model associated
with the IMM (Figure 5C,5D,5E) (Hsieh et al., 2007; Tran and Clarke, 2007). In this
conformation, molecular docking predicted that two isoprene units of DMQs fit into the
COQ9 hydrophobic cavity in a pose consistent with a co-crystallized isoprene (RMSD=1.5
A, Figure 1C,S5B). The rest of the DMQs tail lay on the hydrophobic surface such that the
aromatic head group extends towards \W240—the residue that conferred aromatic isoprene
binding specificity above (see Figure 1) (Figure 5C,5E,S5B,S5C). The predicted architecture
of the membrane-bound COQ9-COQ7 complex suggests that COQ9 could lift the COQ7
substrate from the membrane and present it to the COQ?7 active site, similar to lipid
metabolic nanoreactors (Bankaitis et al., 2010; lle et al., 2006). Moreover, we again
observed in simulations an increased CL occupancy around COQ7 (Figure S5D), as was
observed for COQ9 simulations (Figure 4D), suggesting that this lipid species can be
important for mediating the interaction of these proteins with the IMM and thus facilitating
COQ9-COQ7 complex formation.

COQ?9 lipid- and membrane-binding residues are critical for CoQ production in vivo

The work above identifies structural features of COQ09 predicted to facilitate CoQ
intermediate selection from the IMM and delivery to COQ7. To test the importance of these
features /n vivo, we engineered two Coq9p-FLAG mutants in S. cerevisiae; W188K
(analogous to W240K in humans, to disrupt aromatic isoprene and COQ?7 binding) and

Aa 10 (to disrupt membrane binding) (Figure 6A). Both mutants failed to rescue respiratory
growth in Acoq9 S. cerevisiae (Figure 6B,S6A), indicating their importance for core COQ9
function (Lohman et al., 2014). Additionally, Cog9p chimeras possessing other amphipathic
or transmembrane domains in lieu of its a10 could not rescue Acog9 respiratory growth
defects (Figure S7A-D).

Previous work has shown that certain defects in CoQ biosynthesis can be bypassed by
providing modified CoQ precursors that obviate the need for a specific enzyme (Luna-
Sanchez et al., 2015; Pierrel, 2017; Wang et al., 2017) (Figure S1B), or by overexpressing
Cog8p (He et al., 2014; Xie et al., 2012), which confers stability to complex Q by an unclear
mechanism. Overexpression of Coq8p-FLAG partially rescued Acog9 yeast expressing
W188K, but had no effect on Aa.10, consistent with these mutants disrupting CoQ
biosynthesis through distinct means (i.e., isoprene binding and membrane binding,
respectively) (Figure 6C,S6B). Additionally, levels of the Coq7p substrate (DMQ) were
particularly elevated in the Cog8p-FLAG + Coq9pW188K strain (Figure S6D), and 2,4-
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dihydroxybenzoate—a compound capable of specifically bypassing a Coq7p enzymatic
defect—augmented the Cog8p-FLAG rescue of the W188K growth defect. Together, these
results clearly indicate compromised Coq7p activity in this strain, as would be predicted
from our experiments above. Notably, both strains contained CoQ intermediates that
resembled those in Acog9+ Coq8p-FLAG (including those associated with Coq6p defects,
Figure S6D) (He et al., 2015; Ozeir et al., 2015; Xie et al., 2012), which indicates Coq9p is
important for other biosynthesis steps, possibly through a role in complex Q formation or
stabilization. Interestingly, both mutants inhibited respiratory growth in WT yeast,
demonstrating that they are both non-functional and also confer dominant-negative
inhibition (Figure 6D,S6C). Mass spectrometry-based lipidomics and proteomics analyses
revealed that these strains had decreased levels of CoQ, enhanced levels of an early CoQ
biosynthetic intermediate (PPAB), and decreased levels of complex Q proteins, consistent
with the predicted disruption in CoQ biosynthesis (Figure 6D, 6E, 6F). Together, these /n
vivo data further support the functional importance of COQ9 isoprene-, membrane-, and
COQ7-binding, and suggest a model whereby COQ9 acts as a ‘lipid presenter’ to overcome
hydrophobic barriers associated with CoQ biosynthesis.

DISCUSSION

The spatiotemporal organization of lipids in metabolism, signaling, and membrane structure
poses significant biophysical barriers within the largely aqueous cellular environment. Many
strategies—from lipid transport proteins (Wong et al., 2017) to organelle contact site
complexes (Murley and Nunnari, 2016; Tamura and Endo, 2017) (Lahiri et al., 2015)—serve
to minimize these barriers, and each begins with recognition of membrane-embedded cargo.
CoQ biosynthesis, the bulk of which occurs within complex Q or the CoQ metabolon (a
supramolecular complex of enzymes and structural elements (Srere, 1985)), shares these
hydrophobic barriers. Several additional features make CoQ biosynthesis a notable case
study in lipid biology: the discovery of a key lipid-binding protein, the tethering of complex
Q to the inner mitochondrial membrane, the proposed dynamic nature of complex Q, and the
exceptional hydrophaobicity of CoQ intermediates (He et al., 2014; Stefely and Pagliarini,
2017; Tran and Clarke, 2007). We sought to further define the mechanism of COQ9 lipid
binding and its role in enabling the CoQ biosynthetic process.

Recent advances in structural biology, bioinformatics, and /n vitro biochemistry have
equipped researchers with powerful tools to study how cells manage lipid metabolism and
transport (Malinina et al., 2017; Tatsuta et al., 2014) (Wong et al., 2017). Yet, defining the
biochemical mechanisms that control lipid cargo selection faces the substantial challenge of
studying protein function at the membrane-water barrier. Here, we combined molecular
dynamics simulations with traditional biochemical and structural approaches to describe the
stepwise mechanism for cargo selection by COQ9. We discovered that COQ?9 uses a distinct
amphipathic helix connected to a foundational ligand binding domain to associate with
membranes. In our molecular simulations, COQ9 deforms the membrane bilayer by
extruding polar head groups at the protein-IMM interface. During the simulation, this
warping effect of the membrane surface allows lipid tails to be drawn into the COQ9
hydrophobic cavity at sites consistent with isoprene moieties found in our co-crystallization
experiments. The creation of such a peculiar environment in the membrane—a continuous
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and tightly sealed hydrophobic region encompassing both the IMM and COQ9—could be
key to solving the hydrophobicity problem of extracting CoQ intermediates from the
membrane. This mode of action shares parallels with the “liftase” model proposed for how
lipid transfer proteins (e.g. saposins (Alattia et al., 2006; Hill et al., 2018), GM2-AP (Furst
and Sandhoff, 1992), and PIsC (Raobertson et al., 2017) overcome the topological challenge
of reaching substrates located inside the membrane. Upon membrane binding, these proteins
are envisaged to improve lipid accessibility and processing through modifying membrane
organization (e.g. lifting lipids out of the membrane, distorting and destabilizing the
membrane). We showed here, for the case of COQ9, that molecular simulations and
biochemical approaches can be used together to molecularly dissect the mechanism of
membrane reshaping and lipid trafficking adopted by lipid binding proteins.

This proposed role for COQ?9 to retrieve CoQ intermediates from the bilayer is supported by
its binding specificity for aromatic isoprenes. This specificity is guided by a highly
conserved and mobile tryptophan (W240 in human or W188 in yeast), and the proximity of
this residue to DMQsg in molecular docking experiments suggests that r-ro stacking
interactions could contribute to substrate specificity, to dynamic sensing, and/or to lipid
presentation and transfer (Figure 1D). Importantly, CoQ intermediates are thought to be
protected from water—whether they are embedded in the lipid bilayer, channeled through
complex Q, or passed along the periphery of the IMM by a lipid chaperone.
Correspondingly, COQ9 could act as a lipid presenter at the membrane surface and/or
between enzymes in complex Q.

Lipid-presenting proteins are notoriously challenging to characterize because of their
dynamic nature, their dependence on other proteins, and their function at the membrane-
water barrier. The case of Coq9p is further complicated by its concurrent role in complex Q
stability, as dysfunctional CoQ proteins can cause the degradation of complex Q.
Nonetheless, perturbations to Cog9p membrane (a10) and lipid binding (W188) residues
severely disrupt /n vivo CoQ biosynthesis by compromising the integrity of complex Q
stability and by hindering Coq7p enzymatic activity. The specific connection between
Coq9p function and Coq7p activity is reflected in patients with primary CoQ deficiency
caused by mutations to COQ9 (Danhauser et al., 2016; Duncan et al., 2009). To date, six
reports of COQ9 patient mutations result in decreased levels of COQ7 and the apparent
accumulation of the COQ?7 substrate, DMQ (Danhauser et al., 2016; Duncan et al., 2009;
Smith et al., 2018). Interestingly, one of the two reported patient mutations in COQ7
(L111P) is a point mutant at the predicted COQ9:COQ7 molecular interface (Wang et al.,
2017). Our predicted architecture of the membrane-bound COQ9-COQ7 complex suggests
that COQ9 could lift the COQ7 substrate from the membrane and present it to the COQ7
active site—a model reminiscent of lipid metabolic nanoreactors (Bankaitis et al., 2010; lle
et al., 2006), but one which will require further experimentation and structural analyses to
validate.

In addition to mechanistic insights into how a peripheral membrane protein can extract
membrane-embedded cargo, our work introduces a potential mechanism for the spatial
organization of membrane lipids and, possibly, for complex Q seeding. In both our
simulations and liposome co-flotation studies, CL had a role in the binding and dynamics of
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COQ9-membrane interactions. Indeed, we recently demonstrated that CL likewise enhances
the membrane association and ATPase activity of COQ8, a second poorly characterized
protein in the CoQ pathway (Reidenbach et al., 2018). If complex Q is localized to specific
sites on the mitochondrial cristae, these findings suggest that its position and assembly could
be influenced by local CL concentration. Cardiolipin is known to have a pivotal role for the
formation and stability of several inner mitochondrial membrane protein complexes (Acehan
et al., 2011; Gohil et al., 2004; Zhang et al., 2005). Cardiolipin occupancy and persistency
around COQ9 and COQ7 observed in our membrane binding simulations suggests that CL is
important for establishing and maintaining the specific interaction of these proteins with the
IMM, and thus for facilitating COQ7-COQ9 complex formation. These observations suggest
that cardiolipin-rich areas might template the membrane with a preferential surface pattern
able to favor COQ9-COQ7 complex formation, as well as the recruitment of other members
of complex Q. Further study of the localization, components, and connectivity of complex Q
will inform these models.

Finally, there is speculation that complex Q is not a static metabolon, but that it might
instead form upon substrate availability, and that CoQ or a pathway intermediate is part of
the complex (Gonzalez-Mariscal et al., 2014; Tran and Clarke, 2007). Work from us and
others suggest Coq8p could assist with sensing and delivering substrates based on its lipid
interactions, ATPase activity, and apparent ability to stabilize complex Q (Reidenbach et al.,
2018) (Stefely et al., 2016b; Stefely et al., 2015) (Xie et al., 2012). The structural homology
of COQ9 with ligand-sensing transcription factors also makes COQ?9 a plausible “sensor”
candidate (Lohman et al., 2014). Here, we introduce the flexible a7-a8 and a.9-a.10 loops
that guide ligand interactions, COQ7-binding, and membrane interactions as possible key
features in metabolon formation and activity.

Overall, our analyses present COQ9 as a new model for how nature employs peripheral lipid
binding proteins to surmount hydrophobic challenges. These insights into how a protein can
access, bind, and present a hydrophobic ligand may also inform new strategies to treat lipid
deficiency disorders that are recalcitrant to supplementation, including many CoQ-related
diseases. Moreover, our integrative approach combining structural, biochemical, and
computational studies was effective at providing sub-nanometer resolution of COQ9
function at the protein-membrane interface and may thus serve as a model for interrogating
other lipid binding proteins or lipid metabolism or signaling pathways whose investigations
present similar challenges.

STAR METHODS TEXT
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).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae strains (WT and Acog9) were the haploid MATalpha BY4742
(his3A1 leu2A0 lys2A0 ura3A0) from the gene deletion consortium (Thermo #YSC1054).
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Escherichia coli strains for protein overexpression were BL21[DE3]-RIPL from Agilent and
for cloning applications, DH5a from NEB were used. Unless specified otherwise, E. coli
were grown at 37 °C in LB media with antibiotics and S. cerevisiae were grown at 30 °C in
drop-out minimal media.

METHOD DETAILS

DNA constructs and cloning—Recombinant DNA sources are listed in the Key
Resource Table and the primers used in this study are listed in Spreadsheet S1. Point mutants
were generated by standard site-directed mutagenesis while insertions and deletions were
generated by standard PIPE (Klock et al., 2008) cloning methods.

Protein expression and purification

COQINATS and COQINATI. CA3L expression and purification: Hisg-MBP-tev-COQ9NATS
and mutants were expressed in £. coli (BL21[DE3]-RIPL strain) by autoinduction as
previously described (Lohman et al., 2014). Cells were isolated and resuspended in buffer A
supplemented with 1 mg/mL Lysozyme (Sigma): 50 mM HEPES pH 7.5, 400 mM NacCl, 0.3
mM TCEP, 0.25 mM PMSF, and peptide protease inhibitors: 500 ng/mL leupeptin
hemisulfate, pepstatin A, chymostatin, aprotinin, and antipain dihydrochloride at pH 7.2.
Cells were lysed by sonication (4 °C), clarified by centrifugation (15,000% g, 30 min, 4 °C),
and bound to cobalt IMAC resin (TALON, Clontech, 1 hr, 4 °C). Resin was washed wit h
Buffer A and his-tagged protein was eluted with Buffer A supplemented with 100 mM
imidazole. Eluted protein was concentrated (50-kDa MW-cutoff spin filter, Merck Millipore
Ltd.) and exchanged into Storage Buffer (20 mM HEPES pH 7.5, 150 mM NacCl, 0.3 mM
TCEP). For experiments with untagged protein, Hisg-MBP-COQ9NAT® was incubated with
TEV protease (prepared in-house, 1:50 TEV/fusion protein, mass:mass using e»gg = 102,130
M~1cm~1 and MW = 71.3 kDa, 2 hrs, 25 °C), then bound to cobalt IMAC resin (1 hr, 4 °C).
Cleaved COQ9 NAT9 (e9g, = 36,130 M~1cm™1, MW = 27.4 kDa) was collected, concentrated
(10-kDa MW-cutoff spin filter), and exchanged into Storage Buffer. Protein was aliquoted,
frozen in Ny, and stored at -80 °C.

SI1-COQINA45 and Hisg-COQ7NA38 expression and purification: S11-COQINA45 and
Hisg-COQ7NA38 were expressed and purified in wheat germ extract (WEPRO2240, CellFree
Sciences, Matsuyama, Japan) as previously described (Lohman et al., 2014). Transcription
reactions (0.2 mg/mL DNA, 20 mM magnesium acetate, 2 mM spermidine trihydrochloride,
10 mM DTT, 80 mM HEPES-KOH pH 7.8, 4 mM each NTP pH 7.0, 1.6 U/uL SP6 RNA
polymerase (Promega, Madison, WI), and 1 U/uL RNasin (Promega)) were incubated for 4 h
at 37 °C. Single or mixed 1:1 COQ9:COQ?7 transcription products were added to wheat
germ extract in a dialysis cup reaction: 60 O.D. wheat germ extract, 24 mM HEPES-KOH,
pH 7.8, 100 mM potassium acetate, 6.25 mM magnesium acetate, 0.4 mM spermidine
trihydrochloride, 4 mM DTT, 1.2 mM ATP, 0.25 mM GTP, 16 mM creatine phosphate,
0.0005% sodium azide, 0.04 mg/mL creatine kinase, 0.3 mM each amino acid at pH 7.0, and
5 uL of RNA. Translation reactions were incubated (18 hr, 22 °C) in 32-fold excess dialysis
buffer (without wheat germ extract, creatine kinase, or RNA). Duplicate translations were
pooled and centrifuged (5 min, 20,000xg, 10 °C). Soluble protein was incubated with
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StrepTactin resin, washed in 25 mM HEPES pH 7.8, 150 mM NaCl, 1 mM DTT using a 96-
well filter plate (HTS Multiscreen, Millipore), and eluted with 2.5 mM desthiobiotin.

Biochemical assays

Differential scanning fluorimetry: DSF was performed as previously described (Lohman
et al., 2014). Reactions (20 pL) of protein (2 uM), SYPRO Orange dye (Invitrogen) (5X),
NaCl (150 mM), HEPES (100 mM, pH 7.5) were prepared in Micro Amp Optical 96 (0.2
mL) Well Reaction Plates and sealed with Optical Adhesive Covers (Applied Biosystems).
Fluorescence was measured (excitation filter x1 470 £ 15 nm and emission filter m4 623

+ 14 nm) during heating (15 to 95 °C, 0.017 °C/s) in Applied Biosystems Qua ntStudio 6
Flex Real Time PCR System. T, values were calculated in Protein Thermal Shift software
(Applied Biosystems).

Western blot: Western blots of yeast whole cell lysate (4x107 cells) were probed with
primary a-FLAG (Sigma-Aldrich F1804), secondary a-mouse 1gG (RDye® 800CW), then
visualized on a LI-COR imager.

Liposome co-flotation assays: Liposomes were made with the following lipids from
Avanti Polar Lipids reference: PC(#840051C); NBD-PE(#810145C); PE(#850725C);
CL(#710335C). Unless otherwise specified, liposome compositions were PC/PE/CL/NBD-
PE 68.9/9/22/0.1 molar percent. Lipid films were prepared by drying well-mixed lipids in
organic solvent first under Ar(g) then by vacuum chamber (25-30 inHg, 17 hrs, 20 °C). The
lipid film was reconstituted in HBS buffer (20 mM HEPES pH 7.5, 150 mM NaCl) to 10
mM total lipids by incubation (30 min, 30-35 °C) followed by 3 freeze/thaw cycles in N 5.
Liposomes were extruded through 100 nM membranes (Avanti Polar Lipids, 11 passes,
30-35 °C ) and used within 4 hours of preparation.

Liposome co-flotation was adapted from Connerth et al. (Connerth et al., 2012). Liposomes
(100 pL) were incubated with protein (50 pL) (10 min, 20 °C) and final reactions contained:
2.5 UM protein, 6.66 mM liposomes, 20 mM HEPES pH 7.5, 150 mM NaCl. Sucrose (2.72
M, 110 pL) was added to the protein liposome mixture and transferred (250 uL) to an
ultracentrifuge tube (Beckman #343776). A sucrose gradient in HBS was layered: 1.15 M
sucrose with reaction (250 L), 0.86 M sucrose (300 L), 0.29 M sucrose (250 L), and 150
uL HBS. After centrifugation (240,000xg, 1 h, 4 °C, Sorvall MX 120 Plus Micro-ultracentrif
uge), fractions were removed from top (450 pL) to bottom (450 pL). Liposome content was
quantified by NBD-PE fluorescence (excitation: 460 nm, emission: 535 nm) to validate
flotation. Proteins in each fraction were CHCIl3:MeOH precipitated, following a method
adapted from Wessel and Flugge (Wessel and Flugge, 1984) with methanol (1800 pL) and
chloroform (450 puL). After vortexing, water (1350 pL) was added and samples were
vortexed and centrifuged (5 min, 4,000xg, 20 °C). The upper aqueous layer was discarded
and methanol (1000 pL) was added to the protein disc. After mixing by inversion, samples
were centrifuged (5 min, 20,000x g, 20 °C) and all liquid removed. The precipitated protein
pellet was vacuum dried (25-30 inHg, 30 min, 20 °C), resuspended in denaturing loading
buffer with 10 mM DTT, and analyzed by SDS-PAGE. Protein bands were quantified by
densitometry on a LICOR Odyessey CLx (700 nm) using Image Studio v5.2 software. Error
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bars represent standard deviation of co-flotations performed in parallel (n=2 or 3) and
Student’s #test was used to determine statistical significance assuming two tailed
distributions and equal variance.

S. cerevisiae growth assays—~Acog9or WT S. cerevisiae (BY4742) were transformed
as previously described with p416GPD (Ura selection) plasmids encoding Coq9p variants
and grown on Ura drop-out synthetic media plates containing glucose (2%, w/v) (Gietz and
Woods, 2002). Individual colonies were used to inoculate starter cultures, which were
incubated (30 °C, x18 h, 230 rpm). Serial dilutions of yeast (104, 103, 102, or 10 yeast cells)
were dropped onto Ura™ agar media plates containing either fermentation (2% glucose, w/v)
or respiration (3% glycerol, w/v) media and incubated (30 °C, 2-4 days). To assay yeast gro
wth in liquid media, yeast from a starter culture were swapped into selective synthetic media
with in fermentation (2% glucose, w/v) or respiration (3% glycerol 0.1% glucose, w/v)
media at an initial density of 5x10° cells/mL (Stefely et al., 2016a). The cultures were
incubated in a sterile 96 well plate with an optical, breathable cover seal (1140 rpm) and
optical density readings were obtained every 10 min. For co-overexpression experiments,
yeast were co-transformed with p413GPD (His selection) plasmids encoding Coq8p-FLAG
and subsequent plating and growth assays performed in Ura™His™ media. For small molecule
bypass experiments, small molecules were added to 1 mM final concentration to the growth
assay media: 2,4-dihydroxybenzoic acid (Coq7p bypass, Sigma D109401); 3,4-
dihydroxybenzoic acid (Coq6p bypass, Sigma P5630); vanillic acid (Cog6p+Coq3p bypass,
sigma H36001); 4-hydroxy-2-methylbenzoic acid (Coqg5p bypass, Sigma 653160).

Crystallography—COQ9 was purified as described in “COQIVA79 and COQIVA79, CA31
expression and purification” and then subjected to size exclusion chromatography on
HiLoad 16/600 Superdex 75 pg (GE Healthcare) in Storage buffer (20 mM HEPES pH 7.5,
150 mM NaCl, 0.3 mM TCEP). Fractions containing COQJ9, assessed by SDS-PAGE, were
pooled to >10 mg/mL, concentrated with a MW-cutoff spin filter, frozen in N()), and stored
at —80 °C.

COQINAT was screened for crystallization using IndexHT (Hampton Research) and JCSG+
(Molecular Dimensions) screens and optimized using a TTP Labtech Mosquito
crystallization robot using MRC SD-2 sitting drop plates. Crystals were imaged using a
UVEX-P UV/Visible microscope. 200 nL protein at 4.89 mg/mL in 10 mM HEPES buffer at
pH 7.5 and 100 mM NaCl was mixed with 200 nL crystallization reagent. Optimized
crystals were obtained from a reservoir of 21% w/v PEG3350, 0.25 M Nacl, 0.1 M bistris,
pH 6.5. The crystal was cryoprotected by soaking the crystal in reservoir solution
supplemented to 35% w/v PEG3350. Diffraction data was collected at the Advanced Photon
Source on GM/CA@APS 23-1D-B beamline, using an Eiger 16M detector. Data was
collected at 12keV (1.0332A) 350 mm 0.2 degrees per frame, 0.2 seconds per frame, 70x50
micron slits, 40x attenuation. Data was reduced using XDS, scaled with XSCALE (Kabsch,
2010). The structure was solved by molecular replacement with Phaser in the Phenix suite
(Adams et al., 2010) using PDB 4RHP as a search model (McCoy et al., 2007). The
structure was refined using alternating rounds phenix.refine (Afonine et al., 2012) and model
building in Coot (Emsley et al., 2010).
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COQ9NAT9, CA3L \yas screened for crystallization using the same workflow as COQINATS,
Reasonable crystals were obtained from ammonium sulfate and tris buffer. This
crystallization condition was favored for isoprene co-crystallization trials, since polymeric
precipitants like polyethylene glycol might be mistaken for isoprene alcohols. Initial
optimization experiments using farnesol and geranylgeraniol in plastic crystallization plates
yielded no obvious electron density for bound isoprenols. Optimal crystals were obtained by
microseeding into droplets hanging from glass coverslips, hanging over glass concavity
plates, sealed with perfluoroether oil. The reservoir solution was 50 microliters of 1.2 M
ammonium sulfate, 0.1 M Tris buffer, pH 8.5, mixed with 4 microliters of neat
geranylgeraniol, the majority of which formed a second phase. Two microliters of protein at
5.8 mg/mL, diluted from a 21.7 mg/mL protein stock in 160 mM NaCl, 20 mM HEPES
buffer, pH 7.5 and 0.3 mM TCEP was mixed with 1 microliter of seed stock derived from a
previous batch crystallization experiment conducted at 1.5 M ammonium sulfate, 0.1 M Tris
pH 8.5. Crystals grew over a week. They were cryoprotected by supplementing the droplet
with 2 microliters of reservoir solution, and then replacing it with 3 M ammonium sulfate,
0.1 M Tris pH 8.5, supplemented with neat geranylgeraniol. The droplet was allowed to
equilibrate overnight, and crystals were harvested by drawing them through a layer of
perfluoroether oil in a Mitegen microcrystal mount, wicking away excess mother liquor, and
plunging then into liquid nitrogen. Data was collected at the Advanced Photon Source on
LS-CAT 21-1D-D beamline, using a Eiger 9M detector. Data was collected at 100K, using an
11 keV (1.12723A) beam, 170 mm, 0.2 degrees per frame, 50 micron beam. Data reduction,
structure solution and refinement used the same workflow as COQINA79 except that a
version of 6AWL with the 10t helix truncated was used as the starting model for molecular
replacement. Long tubes of electron density were observed at consistent sites on all of the
monomers. Using constituents present in the crystallization mixture, the extent and shape of
these features could only be successfully modeled using isoprenols. Features at these sites
were less clear or absent in previous electron density maps from preceding crystallization
attempts with isoprenols conducted in plastic 96 well plates. Isoprenols were docked into the
electron density using phenix.ligandfit using geranylgeraniol, farnesol and geraniol as
probes. Three farnesol (three isoprene units) and three geraniol (2 isoprene units) were
successfully modeled into the most orderly sites.

Molecular dynamics simulations

Coarse-grained molecular dynamics simulations: Coarse-grained molecular dynamics
(CG-MD) simulations were used to investigate: (i) the interaction of COQ9 and COQ7 with
bilayers containing different lipid compositions, (ii) the flexibility of the a9-a10 hinge
allowing different structural placements of a10. All simulations were performed using the
GROMACS (Van der Spoel et al., 2005) simulation package version 5.1.2 (Abraham et al.,
2015). The systems were described with the MARTINI CG force field, together with the
EINeDyn (Elastic Network in Dynamics) approach to maintain the secondary structure of
the protein (Marrink et al., 2007; Periole et al., 2009). All simulations of COQ9 were
performed using the crystal structure of COQ9 where the a10 is in an extended
conformation (PDB: 6AWL, chain A). Simulations of COQ7 were performed using a
homology model of COQ?7 (see below). For visualization purposes, selected frames from the
CG-MD simulations were backmapped into atomistic coordinates using backward.py
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(Wassenaar et al., 2014). Images were produced with PyMOL (Schrédinger LLC, Version
2.0) and videos were rendered with VMD (Humphrey et al., 1996; L DeLano, 2002).

Protein-membrane systems: CG-MD simulations based on the MARTINI force field have
been previously used with success for different systems to investigate protein-lipid
interactions (Periole et al., 2007; Schafer et al., 2011; Stansfeld et al., 2009; van den Bogaart
etal., 2011). In CG-MD simulation systems, the center of mass of COQ9 was 70 A away
from the surface of the membrane. Since the last 7 C-terminal residues of COQ9 were not
solved in the crystal structure, these residues were built to be disordered using Modeller
version 9.11 (Webb and Sali, 2017). Inner mitochondrial membrane (IMM) models were
built according to the CL composition of mammalian mitochondria, namely 10 to 20% of
total mitochondrial phospholipids (Daum, 1985). 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 160 x 160 A2
were generated using the insane (INSert membrANE) method of MARTINI (Wassenaar et
al., 2015). Systems were solvated with polarizable CG water, and ions were added to the
system to obtain a 150 mM NaCl aqueous solution, with extra ions added to neutralize the
system. Following solvation, systems were energy minimized with a timestep of 5 fs.
Successive equilibrations with decreasing restraints were 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 runs with a timestep of 5 fs for each). In the production phase (10 us of
run with a timestep of 15 fs), 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 (Fig. 4A, S3G, S3H, S31). The minimum pairwise distances between the
protein and the membrane were calculated using the gmx pairdisttool of Gromacs (Van der
Spoel et al., 2005), which takes into account the distance to the periodic image of the
membrane. The MSD and lateral diffusion coefficients were calculated using the gmx msd
tool of Gromacs (Van der Spoel et al., 2005). Average occupancies of lipids were calculated
using VMD’s VolMap plugin and visualized using VMD (Humphrey et al., 1996). CG-MD
simulations of COQ7 were performed to investigate the binding of COQ7 to 130 x 130 A?
IMM models (16% CL/41% POPC/37% POPE/6% DSPC). The procedure applied to COQ9
was used.

Protein in water systems: The MARTINI force field allows protein tertiary arrangements,
whereas local secondary structure is predefined and imposed. COQ9 was solvated with
polarizable CG water and ions were added to the system to obtain a 150 mM NaCl aqueous
solution, with extra ions added to neutralize the system. Following solvation, systems were
energy minimized with a timestep of 5 fs. Successive equilibrations with decreasing
restraints were 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 runs with a timestep of 5
fs for each). In the production phase (10 ps of run with a timestep of 15 fs), the protein and
the aqueous phase (water and ions) were coupled independently to an external bath at 310 K
and no pressure coupling was applied.
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Bioinformatics, docking, and modeling

Bioinformatics Analysis of Secondary Structures of TER proteins: Secondary structures
were assigned to the representative set of TFR sequences as defined by Yu and colleagues
(Yuetal., 2010b) and to COQ9 using ICM-Pro molecular modeling software (Abagyan et
al., 1994). Each helix was aligned and centered independently for all the reference TFRs,
and the mean helix length and the standard deviation was computed for each helix. This
analysis therefore does not take into account loop regions. For each residue position of each
helix the percentage of TFRs having a residue that belongs to this helix was calculated.

Ligand Docking: Ligand docking and scoring was performed using the ICM-Pro molecular
modeling software (Abagyan and Totrov, 1994; Abagyan et al., 1994). ICM ligand docking
is based on biased probability Monte Carlo (BPMC) optimization of the ligand internal
coordinates in the set of grid potential maps of the receptor, where the grid potential maps
account for van der Waals, hydrogen-bonding, hydrophobic, and electrostatic interactions
between ligand and receptor. The crystal structure of COQ9 where the 10 is in an extended
conformation (PDB: 6AWL, chain A) was used as the receptor. DMQs was used as the
ligand instead of DMQ1q because part of the hydrophobic tail of DMQqq is expected to
reside in the membrane and because using such a long ligand increases the degrees of
freedom and decreases the docking accuracy. The ligand was represented as an all-atom
model and considered fully flexible. The standard docking procedure of ICM was used
without the use of any experimentally derived information. Docking poses were evaluated
with the ICM ligand binding score:

Sbind = Eint + TASTor + Evdw + alEel + athb + a3Ehp + (I4Esf

where E;,+is the internal strain of the ligand, 7= 300 K, AS7,,is the conformational entropy
loss of the ligand upon binding, a; are constants independent from the ligand and receptor.
Evaws Eel, Epp Epp, Esrare van der Waals, electrostatic, hydrogen bonding, and nonpolar and
polar atom solvation energy differences between bound and unbound states, respectively. To
compare the docking pose to the co-crystallized isoprenes (PDB: 6DEW), chains A-F and
co-crystallizing isoprenes were superimposed to the docked complex. The RMSD between
the isoprene chain of DMQs and that of farnesol (bound to chain A) were calculated on 15
matching carbon atoms and was found to be 1.5 A. To visualize the DMQz-bound COQ9 on
the membrane, the globular domain of COQ9 was superimposed in the docked complex to
the globular domain of COQ9 in a membrane-bound state obtained from the CG-MD
simulation. Since the ligand found contacts with W240 in the docking procedure, the crystal
structure conformation of W240 (PDB: 6 AWL, chain A) was used for the membrane-bound
state of COQ?9 for visualization purposes in Figure S5C.

Homology Modeling of COQ7: At present, there are no crystal structures available for
human COQ?7. Pfam (Finn et al., 2016) identifies COQ?7 as a di-iron carboxylate protein that
belongs to the ferritin-like superfamily. Members of this protein family are known to have a
four-helix bundle folding architecture with a conserved iron binding motif (Stenmark et al.,
2001a). Several attempts were previously made to model Coq7 homologues (P, aeruginosa,
R. norvegicus, S. cerevisiae) using homology modeling techniques (Busso et al., 2015; Rea,
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2001; Stenmark et al., 2001a). Here, we used a similar approach to model the structure of
COQ7 from H. sapiens starting from its sequence as obtained from the UniProt database
(accession number Q99807) (Wu et al., 2006). SWISS-MODEL automated comparative
protein modeling server (Schwede et al., 2003) was used in Automated Mode to construct a
homology model of the human COQ7. The N-terminal 37 residues were removed from the
sequence since they had low conservation and since this region was predicted to be
disordered; the C-terminal 32 residues were not modeled since this region was missing in all
found templates and was not included in the predicted four-helix bundle. SWISS-MODEL
uses two scores for model evaluation: GMQE and QMEAN. GMQE (Global Model Quality
Estimation) is expressed as a number between 0 and 1, and a higher value means higher
model reliability. QMEAN (Benkert et al., 2011) estimates the quality of the model
compared to experimental structures, and a higher value means better agreement between the
model structure and experimental structures of similar size, where scores around zero
indicate a good degree of nativeness and scores lower than or equal to —4.0 indicate a low
quality model. The best template identified by SWISS-MODEL for COQ7 is a ferritin
(PDB: 5HJH, 1.88 A resolution), which has a 15% sequence identity to COQ7. The
generated model has a GMQE score of 0.43 and QMEAN score of —3.09. Despite the initial
low sequence identity with templates, COQ?7 shares the well-defined structural fold of the
ferritin-like superfamily (as determined by Pfam (Finn et al., 2016)). Therefore, modeling its
four-helix bundle structure was facilitated by helical secondary structure prediction and the
strong conservation of the iron binding motif. The resulting model was consistent with
previously published models of Coq7p (Busso et al., 2015; Rea, 2001; Stenmark et al.,
2001a).

Homology Modeling of Cog9p: COQ9 sequences from H. sapiens (accession number
075208) and S. cerevisiae (accession number Q05779) were obtained from the UniProt (Wu
et al., 2006) database and were aligned using Clustal Omega (Sievers et al., 2011). This
alignment was used to model yeast Cog9p with Modeller version 9.11 (Webb and Sali,
2017). The MD refinement parameter was turned off and 5 models were generated, where
the model with the lowest molpdf score was chosen as the final model.

Protein-protein docking: To model the COQ9-COQ7 complex, the protein-protein
docking server ZDock was used (Pierce et al., 2014). In predicting protein-protein
complexes, ZDock takes into account shape complementarity, electrostatics and desolvation
free energy (Chen et al., 2003). The crystal structure of COQ9, where the a10 is in an
extended conformation (PDB: 6AWL, chain A), and the homology model generated for
COQ7 were used as input structures. Protein-protein docking was guided by (i) the
experimental data (Fig. S4A), where residues that disrupted binding were forced to be
included in the interface and residues that did not affect binding were forced not to be
included and (ii) the preferred membrane orientation of COQ9 and COQ?7 as obtained from
CG-MD simulations. Ten poses were obtained where the intermolecular contacts of Fig.
S4A were fulfilled and the ZDock score of the least favored pose was lower by at most 30%
of the best pose. Seven of the ten complex conformations were not occluding the membrane
binding surface of COQ9 as identified through CG-MD simulations, and the top two
conformations of this cluster were not occluding the membrane binding surface of COQ7.
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These two conformations showed only minor differences and an equivalent complex
architecture having an RMSD as low as 5.2 A. The best ZDock pose between these two
conformations was therefore used as representative of COQ9-COQ?7 interactions and is
reported in Figure 5.

Liquid chromatography mass spectrometry lipidomics—LC-MS samples
contained either lipid extractions of S. cerevisiae pellets (either 1x108 cells or 50 mL of
ODgpo=3), £. colipellets (1x101° cells), Hisg-MBP-tagged protein (40 nmols), or Coq9p-
FLAG protein (normalized to an equal amount by gel quantitation) prepared as described
elsewhere. LC-MS analysis was performed on an Acquity CSH C18 column held at 50 °C
(100 mm x 2.1 mm x 1.7 um particle size; Waters) using a Vanquish 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 pL/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 initially held at 2% for 2 min and then increased to 30% over 3 min. Mobile
phase B was further increased to 50% over 1 min and 85% over 14 min and then raised to
99% over 1 min and held for 7 min. The column was reequilibrated for 2 min before the next
injection. Ten microliters 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 |1 heated ESI source kept at 325 °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 4,000/5,000 V. For targeted analysis the MS was operated in
positive parallel reaction monitoring (PRM) mode and negative targeted single ion
monitoring (t-SIM) acquiring scheduled, targeted scans to CoQ intermediates: PPAB, DMQ,
CoQ. For discovery analysis, the MS was operated in polarity switching dd-MS2 mode. MS
acquisition parameters were 17,500 resolving power, 3x108 automatic gain control (AGC)
target for MS? and 5x10° AGC target for MS? scans, 100-ms MS? and 35-ms MS2 ion
accumulation time, 240- to 1,600-Th MS? scan range, 1.4-Th isolation width for
fragmentation, stepped HCD collision energy (20, 25/30 units), 1.0% under fill ratio, and 10-
s dynamic exclusion.

For extended CoQ intermediate detection (Figure S6D) the LC-MS was performed as
described above, with the following differences: Acquity CSH C18 column (150 mm x 2.1
mm x 1.7 um particle size); Vanquish Binary Pump (250 uL/min flow rate); ACN/H20
(90:10, v/v) in Mobile phases A and B; Mobile phase B increased from 65-99% over 9 min,
held at 99% (2 min), then returned to 65% over 0.5 min, column re-equilibration (2.5 min);
Q Exactive HF mass spectrometer; HESI |1 heated ESI source (300 °C); S -lens RF level to
50.0 and spray voltage set to 4,000 V for positive and 3,500 V for negative modes. MS was
operated in positive and negative PRM mode, respectively, acquiring targeted scants to
detect CoQ intermediates: 4-HP, PPHB, PPAB, 4-AP, HHAB, DDMQ, DMQ, IDMQ, CoQg,
CoQ1g. MS acquisition parameters were 60,000 resolving power for MS2 scans, 5 x 10°
AGC, 200-ms MS2 ion accumulation time, 2.2-Th isolation width for fragmentation, and
stepped HCD collision energy of 15, 25, and 35 units.
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Data analysis: The resulting CoQ intermediate data were processed using TraceFinder 4.0
(Thermo Fisher Scientific). The resulting discovery lipidomics raw files were converted to
mgf files via MSConvertGUI (ProteoWizard, Dr. Parag Mallick, Stanford University) and
processed using Compound Discoverer 2.0 (Thermo Fisher Scientific) and an in-house
developed software suite, LipiDex (Hutchins, 2018). All raw files were loaded into
Compound Discoverer with blanks marked as such to generate two result files using the
following Workflow Processing Nodes: Input Files, Select Spectra, Align Retention Times,
Detect Unknown Compounds, Group Unknown Compounds, Fill Gaps and Mark
Background Compounds for the so called “Aligned” result and solely Input Files, Select
Spectra, and Detect Unknown Compounds for an “Unaligned” Result. Under Select Spectra,
scan type was set to Full and unrecognized mass analyzer replacement to FTMS, the
retention time limits were set between 0.4 and 21 min, MS order as well as unrecognized
MS order replacements were set to MS1. Under Align Retention Times the mass tolerance
was set to 10 ppm and the maximum shift according to the dataset to either 0.8 min. Under
Detect Unknown Compounds, the mass tolerance was also set to 10 ppm, with an S/N
threshold of 3, and a minimum peak intensity of 5E4. Further, [M+H]+1 and [M-H]-1 were
selected as ions and a maximum peak width of 0.75 min as well as a minimum number of
scans per peak equaling 5 were set. Lastly, for Group Unknown Compounds as well as Fill
Gaps, mass tolerance was set to 10 ppm and retention time tolerance to 0.2 minutes. For best
compound selection rules #1 and #2 were set to “unspecified,” while MS1 was selected for
preferred MS order and [M+H]+1 as the preferred ion. For everything else, the default
settings were used. Resulting peak tables were exported as excel files in three levels of
Compounds, Compound per File and Features (just Features for the “Unaligned”) and later
saved as csvs. Normalization and enrichments calculations were performed as specified in
the Spreadsheet S2. p-values were calculated via Student’s T Test assuming two-tailed
distributions and equal variance.

Sample preparation for S. cerevisiae lipids enriched in Coq9pF-AC pull-downs

Coq9pFLAG expression and immunoprecipitation: S. cerevisiae (BY4742) expressing
p416GPD Coq9p-FLAG were grown in Ura™ synthetic complete media with 1% glucose (1L
inoculated with 1x108 cells in triplicate, 30 °C, 220 rpm), harvested by centrifugation
(4,000%g, 5 min, 25 °C) 4 hours post diauxic shift, frozen in Ny, and stored at -80 °C.
Yeast pellets (1x10 & cells in triplicate) containing overexpressed protein were harvested in
parallel.

Yeast spheroplasts were prepared as previously described (Boldogh and Pon, 2007). Yeast
pellets were resuspended in 35 mL of pretreatment buffer (0.1 M TrisSOy, pH 9.4, 10 mM
DTT), incubated (30 °C, 220 rpm, 15 min), and pelle ted by centrifugation (1,500xg, 5 min).
Pellets were resuspended in SP buffer (1.2 M Sorbitol, 20 mM KPi, pH 7.4), zymolyase (7.5
mg zymolyse per g pellet, MP Biomedicals 0832092) was added, and incubated (30 °C, 220
rpm, 40 min). Yeast spheroplasts were pelleted by centrifugation (4,500xg, 5 min, 4 °C),
washed with 40 mL SP buffer, and pelleted by centrifugation (4,500xg, 5 min, 4 °C). Yeast
spheroplasts were resuspended in 25 mL lysis buffer with protease inhibitors (10 mM TrisCl
pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1 mM PMSF and peptide protease
inhibitors: 500 ng/mL leupeptin hemisulfate, pepstatin A, chymostatin, aprotinin, and
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antipain dihydrochloride at pH 7.2) and lysed by sonication (3 pulses of 15 sec). Digitonin in
lysis buffer (0.4% wiv final digitonin) was added and lysate was incubated (4 °C , 30 min,
nutating) then clarified by centrifugation (15,000xg, 30 min, 4 °C). Clarified lysate was
added to 300 uL FLAG-conjugated magnetic bead slurry (Sigma M8823) equilibrated with
lysis buffer and incubated (4 °C, 2.5 hrs, end-over-end). FLAG beads were pelleted by
centrifugation (700xg, 3 min, 4 °C), resuspended in lysis buffer (1 mL), washed 5X in lysis
buffer with 0.4% digitonin, and washed 2X in lysis buffer without digitonin with
magnetization. Protein was eluted into 1 mL of elution buffer (10 mM TrisCl pH 8.0, 1 mM
EDTA, 0.5 mM EGTA, 140 mM NacCl, and 0.2 mg/mL FLAG peptide, Sigma F3290) with
gentle agitation (1 hr, 25 °C).

Lipid extraction: Immuno-purified Coq9p-FLAG (triplicates normalized to the lowest
concentration by gel quantification) was thawed and buffer (10 mM TrisHCI pH 7.8, 140
mM NaCl) was added to 580 pL and vortexed (30 s). Extraction was initiated by
CH3Cl:MeOH (1:1, v/v, 3 mL) and vortexing (2x30 s). Samples were acidified to pH 0.5-2
(100 L 1 M HCI) and mixed by vortexing (2x30 s). Phase separation was completed by
centrifugation (3,220xg, 2 min, 4 °C), and the organic layer (1.5 mL) was tran sferred to a
new 1.5 tubes and dried under Arg). The dried lipids were reconstituted in ACN/IPA/H,0
(65:35:5, v/viv, 50 uL) by vortexing (2x30 s), transferred to a sample vial and stored under
Ar(g) at =80 C. Frozen yeast pellets (1x108 cells by ODgg) were extracted similarly with the
following exceptions: glass beads (0.5 mm diameter, 100 L) added upon thawing, 900 pL
of CH3CI:MeOH, 200 yL 1 M HCI and 400 pL of organic transferred.

Sample preparation for E. coli lipids co-purifying with Hisg-MBP-COQ9NA79

Sample preparation: Hisg-MBP-[TEV]-COQINA’® Hisg-MBP-[TEV]-COQ9NA79W240K
Hisg-MBP proteins were expressed and purified as described in “COQ9NA7? and
COQINAT9, CA3L expression and purification” from 1L of £. coliin triplicate. Upon E. coli
harvest, cell pellets (1x1019 cells by ODgqg) were collected in triplicate. Upon protein
collection, the elution was performed in a column, collected in 1 mL aliquots by gravity
flow, and frozen in Ny(;), and stored at =80 °C for lipid extraction at the first IMAC elution.

Lipid extraction: Cell pellets were thawed on ice, resuspended in 400 puL PBS by vortexing
(30 s). Purified protein (40 nmol by A,gg) was brought to 456 pL in 50 mM Tris pH 7.4, 200
mM NaCl, 100 mM imidazole. The aqueous samples were transferred to clean glass tubes
and lipid extraction was initiated by addition of CH3CI:MeOH (1:1, v/v, 5 mL) and
vortexing (30 s) to form a single phase. Samples were acidified to pH 0.5-2 (250 L 1 M
HCI) and mixed by vortexing (1x30 s, 1x15 s). After inducing phase separation by addition
of 500 L of brine, vortexing (15 s), and centrifugation (1,800xg, 4 min, 4 °C), the aqueous
layer was aspirated, and organic layer dried under Ar(g). The dried lipids were reconstituted
in ACN/IPA/H,0 (65:35:5, v/viv, 100 uL) by vortexing (2x30 s), transferred to a sample
vial, and stored under Ar(g) at =80 C.

Sample preparation for CoQ intermediates in S. cerevisiae

Sample preparation: (A) For PPAB, CoQ, DMQ detection (Figure 6E): S. cerevisiae (WT
BY4742) expressing plasmids encoding Coq9p-FLAG variants in p416GPD were cultured
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as described previously (Stefely et al., 2016a). Yeast were grown in synthetic media (Ura™)
respiration media (0.1% glucose, 3% glycerol w/v) to early respiration growth. Specifically,
100 mL was inoculated with 2.5x108 cells, from 12 h overnight cultures grown in Ura™ 2%
glucose, and incubated at 30 °C for 25 h at 230 rpm. Cells w ere grown and harvested in
triplicate (1x108 cells by ODggg) by centrifugation (3,000xg, 3 min, 4 °C) (Hebert et al.,
2013). The supernat ant was aspirated and pellets frozen in Ny and stored at —80 °C.

(B) For extended CoQ intermediate detection (Figure S6D): S. cerevisiae (WT BY4742)
expressing plasmids encoding Coq9p-FLAG variants in p416GPD or Coq8p-FLAG in
p413GPD were cultured as described previously (Marbois et al., 2010) (Xie et al., 2012).
Yeast were grown in synthetic media (Ura™His™) fermentation media (2% galactose, 0.1%
dextrose, 100 uM pABA). Specifically, 50 mL was inoculated with 6 mL pABA-starved
yeast in stationary phase and incubated at 30 °C at 230 rpm until OD ~3. Cell s were grown
and harvested in triplicate (50 mL of ODgpo=3 cells) by centrifugation (3,000x g, 3 min,

4 °C).

Lipid extraction: (A) For PPAB, CoQ, DMQ detection (Figure 6E): Frozen yeast pellets
(1x108 cells) were thawed on ice and mixed with glass beads (0.5 mm diameter, 100 pL).
CHCI3/MeOH (1:1, v/v, 4 °C, 900 pL) was added and samples were vortexed (2x30 s). HCI
(1 M, 200 pL, 4 °C) was added and samples vortexed (2x30 s). The samples were
centrifuged (5,000 g, 2 min, 4 °C) to complete phase separation. 400 pL of the organic phase
was transferred to a clean tube and dried under Ar(g. The organic residue was reconstituted
in ACN/IPA/H,0 (65:30:5, v/viv) (100 pL) for LC-MS analysis.

(B) For extended CoQ intermediate detection (Figure S6D): Yeast pellets were resuspended
in water (100 pL) and submitted to a Soxhlet extraction with added internal standard
(CoQ1g, 1uM in final reconstitution) as described previously (Marbois et al., 2010) (Xie et
al., 2012). Aqueous sample was submitted to two iterative extractions: vortexed (30s) with
methanol (1 mL) and petroleum ether (2 mL). The organic phases were transferred to a clean
tube and dried under Arg. The organic residue was reconstituted in ACN/IPA/H;0
(65:30:5, v/viv) (200 pL) for LC-MS analysis.

LC-MS/MS proteomics analysis of S. cerevisiae

Sample preparation: Frozen yeast pellets (1x108 cells) were re-suspended in 100 uL
guanidine-HCI (6M) and boiled for five minutes at 100 °C. Met hanol was added to a
concentration of 90% to precipitate protein and the sample was centrifuged for 10 min at
14,000xg. The resulting pellet was re-suspended in 100 uL lysis buffer (8 M Urea, 100 mM
Tris, 20 mM TCEP, 80 mM Chloroacetamide) and diluted with 1 mL 50 mM Tris. Protein
digestion was performed overnight with trypsin (4 pg) and centrifuged the following
morning for 5 min at 14,000xg prior to de-salting resulting supernatant with Strata C18 solid
phase extraction cartridges. Peptides were dried in a vacuum centrifuge before re-suspending
in 0.2% formic acid and quantified using Pierce Quantitative Colorimetric Peptide Assay
(Thermo Fisher Scientific).

LC-MS/MS label-free proteomics: Samples were analyzed using an LC-MS instrument
comprising an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific)
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and an Ultimate 3000 RSLCnano chromatography system. Mobile phase A consisted of
0.2% formic acid in water and mobile phase B consisted of 0.2% formic acid in acetonitrile.
A 75-min gradient ranging from 0% to 50% B was employed spanning a total runtime of 90
min. 2 pg analytes were injected onto a 1.7 micron C18 column packed in-house to a length
of 35 cm and heated to 55 °C. Survey scans of peptide precursors were collected from 350—
1350 Th with an AGC target of 1,000,000 and a resolution of 60,000 in the Orbitrap
followed by HCD MS/MS scans taken at top speed in the ion trap.

The resulting LC-MS proteomics data were processed using Maxquant software version
1.5.2.8 and searched against a S. cerevisiae database downloaded from Uniprot on 8/10/16
(Cox et al., 2014; Cox and Mann, 2008; Cox et al., 2011). The digestion enzyme was set to
trypsin with up to two missing cleavages, carbamidomethylation of cysteine as a fixed
modification, and oxidation of methionine and protein N-terminal acetylation as variable
modifications. The match between runs feature was utilized to decrease missing data values
within the data set. Precursor mass tolerance was 20 ppm and product ions were searched at
0.5 Da tolerances. Peptides were filtered to a 1% FDR and combined to protein groups based
on the rules of parsimony.

QUANTIFICATION AND STATISTICAL ANALYSIS

See each individual method for the associated statistical analysis. The majority of p-values
in this report were calculated using an unpaired, two-tailed, Student’s #test. MS data
analysis was performed as described in each MS analysis section and in Spreadsheet S2. In
all cases, nrepresents independent replicates of an experiment and error bars represent
standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

COQ?9 specifically accesses and binds membrane-embedded aromatic
isoprenes

An exposed tryptophan and an amphipathic helix control lipid and membrane-
binding

Interactions with the peripheral membrane enzyme COQ?7 suggest lipid
presentation

In vivo CoQ production relies on COQ9’s membrane, lipid, and protein
interactions

Mol Cell. Author manuscript; available in PMC 2020 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lohman et al. Page 30
A 100 Phospholipids B oo
7 3-octaprenyl-
Tag-LOQI 4-aminobenzoate
50 "
=y 2-demethyl
5 1007 menaquinone,
o Tag-COQQW240k
= 2-octaprenyl H
g) 50— n phenol [o)
» A A H
[0} k4
2 100+ OH o}
L
[0)
@ 504
o H
0 e All.l * coenzyme Q.
0 5 10 15 o H
Retention time (min) OH
c D ,
Co-crystallized Hypothetical

isoprene positions i ligand

Figure 1. COQ?9 binds aromatic isoprenes.
(A) LC-MS/MS total ion chromatograms of lipids co-purifying with Tag-COQ9NA®, Tag-

COQQNAT9, W240K 'and Tag expressed in £. coliwhere “Tag” is Hisg followed by maltose
binding protein.

(B) Chemical structures of identified enriched lipids (fold-change > 4, p-value < 0.01) in
Tag-COQINAT compared to Tag-COQINAT. W240K and Tag. The enriched lipid with the
highest intensity signal is highlighted in red.

(C)Representative isoprene positions (stick) observed on a hydrophobic surface and in the
cavity of COQ9NA79.CA31 \with W240 in red and the hydrophobic surface in light blue (PDB:
6DEW). Of six isoprenes that co-crystallized in various positions on four of the six COQ9
chains (A,B,D,F) in the unit cell, the three shown are representative of distinct placements
and are all mapped to a single COQ9 molecule (chain A).
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(D) Model for how an aromatic long-chain isoprene could potentially bind on the surface of
COQ9, where the COQQ cavity is shaded, the hydrophobic surface is outlined, and potential
rt-me stacking interactions with W240 on a.7-a8 loop are highlighted.

See also Figures S1, S2 and Table 1.
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Residue in a a-helix

Figure 2. The 10th a-helix of COQ?9 is unique, amphipathic, and flexible.
(A) Consensus helices of TetR Family Regulators with average length and standard

deviation across 27 representative structures (Yu et al., 2010a). COQ?9 helices and lengths
are mapped below with a10 in dark blue. The presence and length of COQ9’s a 10 is
uncommon among TFRs.

(B) Helical wheel of a10 (A287-L311) with the hydrophobic face highlighted in green,
hydrophobic residues in black, A and G in gray, and polar residues in white.

(C) Snapshots of COQ9 with three positions of a.10 (dark blue) sampled during CG-MD
solution simulations (see Movie S1), where hydrophobic residues are green.

See also Figure S2 and Table 1.
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Figure 3. COQ?9 associates with membranes in 5 steps.
(A) Snapshots representative of the multi-step COQ9 membrane binding mechanism

observed in CG-MD simulations (phospholipid head groups in gray and membrane-
interacting residues of COQ9 in green; COQ9 model based on PDB: 6AWL).

(B) SDS-PAGE of liposome co-flotation of COQINA’? alanine mutants with PC/PE/CL/
NBD-PE (68.9/9/22/0.1%) liposomes where L is ladder; In, protein input; B, liposome
bound protein; and UB, unbound protein.

(C) Quantification of liposome bound COQ9 alanine mutants (MT) in panel B relative to
WT by densitometry (100x(Bn/Totalp 1 - BwT/Totalyt) where * indicates a significant (o-
value < 0.05, n=3) difference from WT binding and error bars represent standard deviation.
(D) SDS-PAGE of liposome co-flotation of COQ9 a10 mutants in PC/PE/CL/NBD-PE
(68.9/9/22/0.1%) liposomes where Quint S is V290S,L.297S,V298S,L301S,M302S, Aa10 is
COQQNA?Q'CAgl.

(E) Quantification of liposome bound COQ9 mutants in panel D relative to WT by
densitometry (100x(Bpy1/Totalyt - Bw/TotalyT)) where * indicates a significant (p-value
< 0.05, n=3) difference from WT binding and error bars represent standard deviation.

See also Figure S3.
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Figure 4. COQ?9 binds and warps cardiolipin-containing membranes.
(A) Time evolution of the minimum pairwise distance between COQ9 and the membrane

(PC or PC/PE/CL) in CG-MD simulations.

(B) SDS-PAGE of liposome co-flotation of COQ9NA? with PC/NBD-PE (99.9/0.1 molar
%), PC/PE/NBD-PE (90.9/9/0.1%), PC/CL/NBD-PE (77.9/22/0.1%), or PC/PE/CL/NBD-PE
(68.9/9/22/0.1%) liposomes, as described in Figure 3.

(C) Quantification of liposome bound COQ9 in panel B by densitometry (100xB/Total)
where * indicates a significant (p-value < 0.05, n=2) difference from PC liposomes and error
bars represent standard deviation.

(D) The occupancy of lipid phosphate head groups averaged throughout a 7.5 ps CG-MD
simulation during membrane interaction, with phosphate head groups of CL in red and
PC/PE in gray, viewed from inside the membrane.

(E) Snapshot from a CG-MD simulation after Step 5 where CL (red) and PC (gray) acyl tails
enter the COQ9 hydrophobic cavity (yellow), viewed from the N-terminus of COQ9.

See also Figure S3.
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Figure 5. COQ9 and COQ?7 predicted molecular interface suggests substrate presentation.
(A) SDS-PAGE of Hisg-COQ7NA38 mutants co-translated with SI1I-COQINA45 or S|1-

COQINA45.CA3L i cell-free wheat germ extract and purified by the SlI-tag on COQ9.

(B) Predicted structure of COQ7 with residues tested in panel (a) labeled, where mutants to
residues that affect COQO9 binding are in red, those that do not are in green, and the putative
active site residues are highlighted in orange.

(C) Predicted model of the COQ9-COQ7 complex with DMQs5 docked to COQ9 overlaid.
(D) Predicted COQ9-COQ7 complex with the IMM overlaid.

(E) Model for how COQ9 could potentially present substrate to COQ7, viewed from inside
the membrane.

See also Figures S4 and S5.
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Figure 6. Coq9p protein-, lipid- and membrane-disrupting mutants perturb endogenous CoQ
biosynthesis.

(A) Homology model of S. cerevisiae Coq9p with W188K (lipid- and COQ7-disrupting
mutant that is analogous to W240K in human) in red and Aa10 (Coq9p©228, membrane-
disrupting mutant) in blue.

(B) Genetic complementation of Acog9 S. cerevisiae in fermentation (CoQ-independent) and
respiration (CoQ-dependent) conditions where EV is empty vector and mutants have a C-
terminal FLAG tag.

(C) Respiration growth rates (ODggg/hr, linear slope post-diauxic shift as shown in inset) of
Acoq9 S. cerevisiae overexpressing Cogq8p-FLAG along with Cogq9p-FLAG mutants, and the
Coq7p chemical bypass 2,4-dihydroxybenzoate (gray bars) where * indicates a significant
difference (p-value < 0.05, n=3) and error bars represent standard deviation.

(D) Growth curves of WT S. cerevisiae overexpressing Coq9p-FLAG mutants in respiration
conditions, plotted as an average of monoclonal transformants (n=3).

(E) Fold changes of CoQ intermediates from monoclonal WT S. cerevisiae overexpressing
Cog9p-FLAG mutants compared to WT Coq9p-FLAG. PPAB is 3-hexaprenyl-4-
aminobenzoate, DMQ is demethoxy CoQ, and * indicates a significant difference (absolute
value ALog, > 1, p-value < 0.05, n=3) from WT Coq9p-FLAG.

(F) Fold changes of complex Q protein levels from monoclonal WT S. cerevisiae
overexpressing Coq9p-FLAG mutants compared to WT Coq9p-FLAG, where * indicates a
significant change (absolute value ALog, > 1, p-value < 0.05, n=3) from WT Coq9p-FLAG.
See also Figures S6 and S7.
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Table 1:
Data collection and refinement statistics.

Statistics for the highest-resolution shell are shown in parentheses.

COQ9NA70 P21 (PDB ID 6AWL)

COQQNAT9. CA31 GG (PDB ID 6DEW)

Wavelength

1.033

1.127

Resolution range

48.69 - 2.0 (2.071 - 2.0)

48.0-2.0 (2.071 - 2.0)

Space group P1211 c2221

Unit cell 38.11 97.39 63.65 90 95.4 90 116.45 222.78 130.78 90 90 90
Total reflections 159831 (15769) 1545884 (159984)
Unique reflections 31219 (3066) 114146 (11326)
Multiplicity 5.1 (5.1) 13,5 (14.1)
Completeness (%) 99.90 (100.00) 99.68 (99.87)
Mean I/sigma(l) 12.38 (1.25) 15.48 (1.51)
Wilson B-factor 36.31 37.83

R-merge 0.09055 (1.355) 0.1274 (1.759)
R-meas 0.101 (1.51) 0.1325 (1.824)
R-pim 0.04409 (0.658) 0.03598 (0.4802)
ccl2 0.998 (0.48) 0.998 (0.622)
cc* 1 (0.805) 1(0.876)
Reflections used in refinement 31212 (3066) 114124 (11326)
Reflections used for R-free 2000 (197) 2045 (197)
R-work 0.1974 (0.3016) 0.1692 (0.2626)
R-free 0.2454 (0.3183) 0.2094 (0.3055)
CC(work) 0.957 (0.710) 0.967 (0.817)
CC(free) 0.962 (0.679) 0.947 (0.730)
Number of non-hydrogen atoms | 3564 9744
macromolecules 3313 9183

ligands 46 106

solvent 205 455

Protein residues 409 1138
RMS(bonds) 0.003 0.019
RMS(angles) 0.64 1.59
Ramachandran favored (%) 97.52 97.69
Ramachandran allowed (%) 1.98 2.13
Ramachandran outliers (%) 0.50 0.18

Rotamer outliers (%) 1.12 0.51
Clashscore 4.21 4.09

Average B-factor 43.21 52.11
macromolecules 42.82 51.61

ligands 63.56 102.08
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COQ9NAT0 P21 (PDB ID 6AWL) | COQINATS. CASL GG (PDB ID 6DEW)
solvent 44.83 50.57
Number of TLS groups 36
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