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SUMMARY

Coenzyme Q (CoQ) is a redox-active lipid essential for core metabolic pathways and antioxidant
defense. CoQ is synthesized upon the mitochondrial inner membrane by an ill-defined ‘complex
Q’ metabolon. Here we present structure-function analyses of a lipid-, substrate-, and NADH-
bound complex comprised of two complex Q subunits: the hydroxylase COQ7 and the lipid-
binding protein COQ9. We reveal that COQ?7 adopts a ferritin-like fold with a hydrophobic
channel whose substrate-binding capacity is enhanced by COQ9. Using molecular dynamics,
we further show that two COQ7:COQ09 heterodimers form a curved tetramer that deforms the
membrane, potentially opening a pathway for the CoQ intermediates to translocate from the
bilayer to the proteins’ lipid-binding sites. Two such tetramers assemble into a soluble octamer
with a pseudo-bilayer of lipids captured within. Together, these observations indicate that COQ7
and COQ9 cooperate to access hydrophobic precursors within the membrane and coordinate
subsequent synthesis steps toward producing CoQ.

Keywords

Coenzyme Q; quinone biosynthesis; COQ7; COQ9; Protein-lipid complex; mitochondria; diiron
proteins; protein-membrane interaction

INTRODUCTION

Quinones are central to energy transducing systems in organisms across all kingdoms of life
(Schoepp-Cothenet et al., 2013). Many of the guinones essential for biology are attached

to hydrophobic moieties that keep them sequestered within membranes. Within the bilayer,
they participate in electron transfer between proteins involved in diverse processes, including
respiratory and photosynthetic complexes (Nowicka and Kruk, 2010, Liu and Lu, 2016).
Despite their profound roles in life, many aspects of quinone biosynthesis and trafficking
remain undefined (Stefely and Pagliarini, 2017, Kemmerer et al., 2021).

Coenzyme Q (CoQ, ubiquinone) is a quinone found within every eukaryotic membrane
(Turunen et al., 2004) and that is best known for its role in the mitochondrial electron
transport chain (Crane, 2007). CoQ comprises a redox-active head group that can carry
electrons and an extremely hydrophobic isoprenoid tail that drives its partitioning into the
hydrophobic core of the bilayer. In eukaryotes, the head group precursor is derived from
aromatic amino acids and imported into mitochondria where it becomes prenylated. The
head group is then chemically modified by several enzymes, each of which must access
intermediates buried within the membrane (Stefely and Pagliarini, 2017). Interestingly,
individual intermediates of the pathway are difficult to detect, suggesting that substrate
channeling might occur between the biosynthetic enzymes (COQ proteins). Supporting this,
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recent work has begun to define a dynamic complex of COQ proteins (complex Q, or
CoQ-synthome) that may act as a metabolon (Subramanian et al., 2019, Floyd et al., 2016,
He et al., 2014).

Due in part to its dynamic nature—and the fact that structural information on multiple
individual COQ proteins has not been reported—complex Q has evaded detailed structural
and biochemical characterization. Protein interaction maps in Saccharomyces cerevisiae
and human cells, however, suggest the complex is comprised of at least seven proteins
(COQ3, COQR4, COQ5, CONB, COQ7, COQB8, COQI) (Szklarczyk et al., 2020, Allan et

al., 2015, Guo et al., 2017). The architecture and subunit stoichiometry remain unknown, as
does whether discrete sub-complexes exist. However, observations in yeast (Lohman et al.,
2014), mice (Garcia-Corzo et al., 2013), and humans (Danhauser et al., 2016) have shown
that a direct physical and functional relationship exists between COQ?7, an iron-dependent
hydroxylase, and COQ?9, a lipid-binding auxiliary protein, and that mutations in either
protein lead to the accumulation of the penultimate CoQ intermediate, demethoxy-coenzyme
Q (DMQ). Mutations of these proteins result in neurological defects, decreased activity of
the mitochondrial electron transport chain, reduced levels of ATP synthesis, and increased
mitochondrial oxidative stress (Danhauser et al., 2016, Smith et al., 2018, Kwong et al.,
2019, Duncan et al., 2009, Olgac et al., 2020, Wang et al., 2017, Freyer et al., 2015, Wang et
al., 2015).

Details of COQ7 and COQ?9 cooperation are not well understood. Recently, we
demonstrated that COQ?9 is a membrane-binding protein capable of selectively engaging
aromatic isoprene lipids (Lohman et al., 2019). This observation suggested that COQ9
could assist COQ7 in membrane association and/or in accessing a CoQ intermediate.
However, it is still unclear how COQ proteins surmount hydrophobic barriers to access

CoQ intermediates, which are expected to predominantly reside within the bilayer.

To explore these ideas, we co-expressed and co-purified an unexpected octameric
COQ7:COQ9 complex, solved its atomic structure using cryo-EM, and explored its function
experimentally and computationally.

Cryo-EM structure of human COQ7

COQ7 is a membrane-bound di-iron protein and an enigmatic member of the ferritin family
that has been recalcitrant to experimental structural characterization (Jonassen et al., 1998,
Behan and Lippard, 2010, Andrews, 2010). Here, using an £. coli expression system, we
co-expressed human COQ?7 (residues 39-217 with N-terminal GB1 tag (Huth et al., 1997))
together with its native partner, human COQ9 (residues 79-318 with an N-terminal His
tag), and performed metal affinity and gel filtration chromatography. Our results revealed
that COQ7 and COQ9 co-purify as a 1:1 complex with a molecular weight of ~240

kDa, suggestive of an octamer (Figures 1A and S1A-D). Further characterization by TEM
confirmed the homogeneity of the sample and revealed monodispersed particles of the intact
COQ7:COQ9 complexes with striking symmetry (Figure S1E, S1F).

Mol Cell. Author manuscript; available in PMC 2023 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manicki et al.

Page 4

The complex was vitrified, imaged, and reconstructed using 3D single-particle cryo-EM
analysis. An initial density map reached ~3.5A but was incompletely occupied by the known
cofactor NADH (Figure S2, S3 and Table 1). We therefore incubated the COQ7:COQ9
hetero-octamers with excess NADH prior to vitrification. This second dataset yielded an
improved map at an overall nominal resolution of ~2.4 A, with D2 symmetry, and robust
density for NADH (Figure S4, S5, and Table 1). Most of the side chains were well-resolved
and allowed de novo atomic model building of COQ7 and COQ9, with the exception of the
flexible N-terminal GB1 tag on COQ7 and C-terminal 101" a-helix of COQ9 (Figure S6 and
Table 1).

COQ? has a rod-shaped structure (Figure 1B) with approximate dimensions of 45 A X 30
A X 27 A and shares structural similarity with bacterioferritin (~1.7 A r.m.s.d. over 173 Ca
atoms of COQ7) (Figure S7A). However, major structural changes are apparent and suggest
that the fold was repurposed from the classic iron-storing ferritin to a membrane-binding
hydroxylase (Figure S7B). The overall structure is comprised of six a-helices (a1l- a6)
(Figure 1B). Helices al, a2, a4, and a5 exhibit a compact four-helix bundle containing
residues properly oriented to bind two metal ions (Fel and Fe2) and form the di-iron active
site (Figure S7C). The three-dimensional map of COQ7 presents the atomic coordinates

of the conserved and functionally important iron coordination motif (E-(Xg)-Y-(X22)-E-
(X2)-H-(X48)-E-(Xg)-Y-(X28)-E-(X7)-H) (Figure S7D). While the protein chains were well
defined by electron density, we did not observe density for the active site ions and could
only estimate their position by homology. By analogy with bacterioferritin, the first metal
ion binding site, Fel, would be coordinated by E60, H93, Y149, and E178, whereas the
Y67, E90, E142, and H181 residues would coordinate the Fe2 site.

In addition to the four-helix bundle, the COQ?7 structure contains a short helix (a3) and

a C-terminal helix (a.6) that is connected to the rest of the molecule via a long loop.

These features represent a novel organization for ferritin-like di-iron carboxylate enzymes
(Figure S7E). The helices a3 and a.6 contribute to the formation of a large hydrophobic
channel along with a1l and a4 (Figures 1B and S7F), and a flat hydrophobic surface on

the membrane-proximal side of the protein (Figure 1C). The residues L111, 1114, 1118,
L122, 1202, V209, L213, and L217 define the outer entrance to the channel, whereas the
inner surface is lined by A63, 166, W115, V141, 1145, 1203, C207, A210, and 1211. The
apparent channel seems sufficiently large to admit entry of quinone intermediates and access
to the di-iron center. Consistently, alternative oxidases (AOX), which use CoQ as a substrate,
display a similar structural feature (Figure S7G-I) (Moore et al., 2013). Furthermore, we
observed a clearly defined isoprenoid quinone-like density extending from the inner surface
of the hydrophobic channel (Figures 1D and S6D).

Within COQ7’s hydrophaobic channel, the quinone head group fits comfortably into the
hydrophobic pocket and the isoprene tail adopts a U-shaped conformation that is stabilized
by conserved hydrophobic residues (L118, A121, 1122, 1L.129, L199, and 1202) located

on the protein surface. To determine the identity of this isoprenoid, we performed liquid
chromatography with tandem mass spectrometry (LC-MS/MS) of the purified COQ7:COQ9
complex and bacterial cells used for its production. The protein sample showed 50x
enrichment (~20% of total lipid signal) for octaprenylphenol (OPP), a bacterial CoQ

Mol Cell. Author manuscript; available in PMC 2023 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manicki et al.

Page 5

biosynthetic intermediate (Aussel et al., 2014) (Figure 1E). In agreement with the logic

of biosynthetic pathways, no enrichment of CoQg (the £. coliversion of CoQ) was detected
(Figure 1F). Together, these results identify OPP as the bacterial ubiquinone intermediate
occupying the hydrophobic channel leading to the active site of COQ?7.

To validate our observations, we turned to S. cerevisiae, which can survive without CoQ
under fermentative growth conditions but require it for respiration. Structural features and
evolutionary conservation of COQ7 (Figure S8B) guided us in the design of mutations that
should block the hydrophobic channel. As expected, mutations G123Y, M127W, 1219Y,
1222Y, or A226Y (corresponding to human L118, L122, 1203, G206, or A210 residue) that
introduce a large hydrophobic residue into the channel, reduced CoQg levels in yeast and
their ability to respire (Figure 1G,1H) without affecting the proteins’ stability as judged

by expression levels (Figure 11). To confirm disruption of Coq7 function in the mutants,
we used MS to measure levels of DMQg, the bona fide substrate of Coq7. In all cases,

we detected DMQg showing that upstream steps of CoQg biosynthesis are at least partially
functional (Figure 1J). Of note, the structure clarifies the deleterious effects of COQ7
mutations found in human patients, including a recent case of K200fs56 mutationl’ that
localizes to COQ7’s 6™ helix revealed in this manuscript (Figure S7J).

Cryo-EM reveals details of NADH binding by COQ7

To achieve their enzymatic activity, di-iron proteins require a reduction of their active site
iron atoms from Fe3* to Fe2* (Jasniewski and Que, 2018). /n7 vitro, quinone substrates

can mediate the transfer of electrons from NADH to COQ7’s active site (Lu et al., 2013).
Comparison of our unsoaked and NADH-soaked reconstructions showed how NADH binds
to every protomer of COQ7 (Figure 2A and S8A) via a set of evolutionarily conserved

and surface-exposed residues (Figure S8B) without inducing global conformational changes.
Although it is unknown how hydride is transferred from NADH to the protein, sequential
electron-proton-electron donation has been proposed to involve COQ7’s amino acid triad
E60/H148/Y149(Lu et al., 2013) (Behan and Lippard, 2010). In our structure, NADH
localizes next to a water-filled channel formed by this triad and is close enough to the

active site pocket (~15 A) to permit tunneling of charges to the expected quinone acceptor
(Gray and Winkler, 2003, Gray and Winkler, 2005, Moser et al., 1992, Hammes-Schiffer and
Stuchebrukhov, 2010) (Figures 2B, 2C and S9A-E). This positioning of NADH is provided
by the R51, R208, Y212, and R216 residues of COQ7 (Figure 2D). Interestingly, the
interaction between R208 and NADH is bridged by the headgroup of a clearly visible, but
unidentified, phospholipid molecule (Figure 2D), suggesting a functional role for membrane
lipids in the stabilization of NADH contacts.

To test the functional importance of the identified residues, we purified COQ7 alongside

a quadruple COQ7RSIA/R208A/Y212A/R216A mytant (Figure S9F) and tested their activity

in vitro by measuring the loss of NADH fluorescence upon its oxidation to NAD+. In
agreement with its proposed mechanism of action, wild type COQ?7 slowly oxidized NADH
and transferred electrons to a quinone acceptor, changing its redox state as measured by

an HPLC equipped with a redox-sensitive electrochemical detector (HPLC-ECD) (Figure
S9G-J). However, the mutant markedly lost activity (Figures 2E, 2F and S9G-J).
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Next, we again sought to validate the importance of our observations /n vivo using the
yeast respiration system. High overexpression of Cogq7R%#A or Coq7R224A point mutants
(corresponding to residues R51 and R208 in human COQ?7, respectively) was not able to
fully support CoQg production or respiratory growth. Interestingly, mutants W228A and
R232A (Y212 and R216 in humans) showed only a minor CoQg reduction, and hence fully
supported respiration (Figure 2G-1). In the presence of high (100 uM) 4-hydroxybenzoate
(4-HB), the cytosolic CoQ precursor, only the quadruple mutant exhibited significantly
reduced DMQg/CoQg levels, presumably because overexpression of the single mutants was
sufficient to drive CoQg production under these conditions (Figure SOK—M). Alternatively,
given that the purpose of the NADH activity of Coq7 is only to support reduction of the
DMQg substrate, this function might largely be dispensable if upstream pathway enzymes
or other oxidoreductases are capable of generating DMQg. Nonetheless, the partial loss of
the /n vitro activity of the quadruple human COQ7 mutant and the reduced levels of CoQg
in yeast mutants indicate that the NADH’s positioning observed in cryo-EM is biologically
relevant. Furthermore, a recent manuscript (Wang et al., 2022) reports that mutation of
R54—one of the NADH-binding residues that tested here—causes primarily neuromuscular
pathology in humans.

Cryo-EM reveals lipid molecules bound to the COQ7:COQ9 heterodimer.

Efficient interaction of COQ7 with COQ?9 is known to be essential for CoQ production
in vivo. We previously described the crystal structure and lipid-binding activity of human
COQ?9 and used molecular dynamics simulations to predict its interaction with a COQ7
homology model on a lipid membrane (Lohman et al., 2019). Here, using cryo-EM, we
determined the structure of the complex bound to lipids and discovered an unexpected
higher-order oligomer.

The atomic structure of human COQ9 includes helices a1l-a9 and fits well as a rigid body to
the density of the COQ7:COQ9 complex (R.M.S.D = 0.95 A) with the a.7- a8 loop found in
only one of the two conformations present in the isoprene-bound crystal structure of COQ9
(PDB: 6DEW). The lack of the 101" helix suggests that it does not have a well-defined
position, consistent with its role in the initial recognition of the lipid membrane.

The overall architecture of the COQ7:COQ9 heterodimer is shown in Figure 3A. We
observed an interface that is stabilized by several hydrogen bonds, hydrophobic interactions,
and an intermolecular salt bridge between COQ9 (D225, D226, T236, D237, F238, W240,
and Y241) and COQ7 (N98, M101, V102, R105, R107, P108, T109, V110, and M112)
residues (Figure 3B). Notably, this limited contact interface between COQ7 and COQ9 may
not be sufficient for stable complex formation. Consistently, a single point mutation in that
region COQ9W240K |ed to total disruption of the octameric 240 kDa COQ7:COQ9 complex
and formation of a smaller ~55 kDa complex comprised only of COQ9 (Figures 3C and
S10A-C).

Investigation of the 2.4 A cryo-EM density map revealed multiple lipid-like densities
engaged with the surface of the proteins. They were not randomly oriented, but rather
formed a 30 A tall, bilayer-like, warped sheet with lipid tails pointing towards each other
and the headgroups pointing in opposite directions (Figure 3D, 3E). Our lipidomics results

Mol Cell. Author manuscript; available in PMC 2023 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manicki et al.

Page 7

suggest the lipids likely originate from £. coli plasma membrane (Sohlenkamp and Geiger,
2016, Morein et al., 1996) (Figure S10D). These observations may have biological relevance
because quinones are known to be trapped within cellular membranes. Due to their extreme
hydrophobicity, these molecules cannot transverse through the headgroup layer (Kaurola et
al., 2016, Teixeira and Arantes, 2019, Katsikas and Quinn, 1983, HauR et al., 2005, Ausili et
al., 2008, Fato et al., 1986) and thus are likely extracted by the COQ7:COQ9 complex.

We previously determined the crystal structure of COQ9 with an isoprenoid substrate and
identified a lipid-binding pocket inside the protein. In the cryo-EM structure, this pocket

is located between the displaced lipid headgroups, consistent with a model whereby COQ9
binding reorganizes the membrane to enable access to its interior. Interestingly, we did

not observe a well-defined density for lipids resembling CoQ intermediates within the lipid-
binding cavity of COQ9 (Figure 3F), which could indicate that the quinone molecule was
transferred to COQ?7. If so, then COQ?7 should be enriched in OPP when in complex with
COQ?9. To test this, we measured quinone content in COQ7 and COQ?9 purified alone and
as a complex. As expected, we observed a higher OPP level in the COQ7:C0OQ9 complex
than in COQ7 or COQ9 alone (Figures 3G and S10E). Knowing there is no observable OPP
bound to COQ?9 in the COQ7:COQ9 complex, the higher OPP signal most likely represents
an increased level of OPP bound to COQ7 due to COQ9’s actions. Together, our structural
model advances our previous /n vitro analyses by defining COQ7-COQ9-lipid interactions
likely critical for ubiquinone synthesis and trafficking.

COQ7 and COQ9 may exist as a heterotetramer

In the cryo-EM structure, two heterodimers of COQ7:C0OQ9 come together on the same
side of the lipid pseudo-bilayer and form a curved tetramer with a hydrophobic surface
suitable for membrane interaction. Viewed from the membrane surface, one heterotetrameric
assembly is approximately 100 A in diameter and 40 A axially with a solvent-exposed
central pore that accommodates one NADH molecule (Figure 4A). This NADH likely

can bind in two symmetrical orientations so that the charge-donating nicotinamide ring

can support activity of every COQ7 protomer. The pore is formed by two COQ7:COQ9
heterodimers that make additional contacts with an interface that buries around 261 A2 of
surface area. The N-terminal segment of the a7 helix region of COQ9 and a6 helix of
COQ7 from opposing heterodimers associate around a 2-fold axis normal to the membrane
plane, with most the intimate contacts occurring between COQJ9 residues L209, P210, and
H211 and COQ?7 residues S201, Q204, A205, and R208 (Figure 4B).

To test the importance of this region, we generated corresponding yeast mutants and
measured their CoQg levels and ability to respire. We observed that mutations of P210

and S201—represented by Cog9F195R and Coq75217R in yeast—led to impaired respiration
and diminished CoQg levels, despite high expression levels of the mutated proteins (Figure
4C-E). These mutated yeast displayed moderate respiratory growth over time indicating that
the proteins remain at least partially functional. Despite the magnitude of the Coq9P155R
phenotype, disruption of this proline was insufficient to prevent formation of the 240 kDa
complex (Figure S10F), suggesting that lipids also contribute to the stability of the COQ7-
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COQ?9 interaction. Due to the large hydrophobic surfaces present in COQ7 and COQ9, we
hypothesize that membrane association may also play a role in their stabilization.

MD simulations of the tetramer engaging and reshaping a membrane

To explore whether and how the tetrameric form binds the lipid bilayer to potentially
facilitate modification of the embedded quinone substrate, we performed atomistic
molecular dynamics (MD) simulations on systems set up with the COQ7:COQ9
heterotetramer manually placed with its hydrophobic surface near but not binding a model
membrane enriched with DMQ; at ~4% molar concentration. As the flexible 10t helix
of COQ9 was not observed by cryo-EM, we modeled it based on our crystal structure
(PDB: 6AWL). The systems were parametrized as described in Methods, and we ran four
independent replicas of this simulation starting with different seeds, all for 1.2-1.6 ps.

In the simulations, the tetrameric arrangement inferred from the cryo-EM structure rapidly
(<50 ns) bound the membrane. The interaction remained stable for the duration of the
simulation (over 1 ps, Figure 5A) and entailed no major conformational changes in the

core of the tetramer. The peripheral 10t helix of COQ9 remained flexible. Upon membrane
binding, COQ7 and COQ9 progressively gained direct access to the hydrophobic portion of
the lipid bilayer (Figure 5A).

Following membrane association, we observed nearby lipids tilt away from a normal bilayer
architecture until they resembled the angular orientations of the lipids we resolved in the
cryo-EM density map. In addition, the lipids concentrated their headgroups on the periphery
of the protein-membrane contact region to form a rim around the membrane-facing surface
of the tetramer (Figure 5B). As a result of this interaction, the membrane became deformed
by ~10 to 20 A into a funnel-like shape with proteins located at its bottom (Figures 5A, 5C
and S11A, S11B), and the DMQ molecules clustered around the proteins in high density
(Figures S11C, S11D). This remodeling of the membrane exposed the carbon-tail region

of its lipids directly to hydrophobic surfaces of COQ7 and COQ9 and permitted their
interaction with the locally concentrated pool of DMQ (Figures 5B and S11C-E). At the
same time, peripheral interactions with cardiolipin around the hydrophobic interior anchored
the protein complex to the membrane (Figure S11C).

We note that despite the high density of DMQ around the membrane-facing surfaces of
COQ7 and COQ9, we observed no molecule docking into any active site, not even the one
we observed populated with OPP (Figure S11E). Such entry may require conformational
changes of COQ7 and/or COQ?9 that are unlikely to occur in ~1 microsecond-long

atomistic simulations. To explore possible substrate entry and exit routes and accompanying
conformational changes, we devised a reverse computational experiment in which we
monitored exit of a quinone from COQ7. We chose CoQ1 as a bulkier proxy of COQ7’s
product (DMQ), placed it in position of the OPP molecule observed in the cryo-EM

map, and monitored its release. Replica-exchange simulations were impossible to tune, as
they resulted in membrane disruption. We therefore tested regular simulations at various
stable temperatures. At the elevated temperature of 450K, we observed the docked CoQ1g
dissociate from COQ7 without compromising the protein or membrane stabilities within the
simulated timescale (~1-1.5 microsecond).
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Out of 10 replicas at 450K, we observed CoQ1q leaving the active site in two directions:
eight times directly towards and into the membrane bulk, and twice towards COQ9 before
moving to the membrane bulk (Figures 5D and S11F). In every case, release of the ligand
involved a displacement of the two COQ?7 helices (a3, a6) that form the hydrophobic
channel leading to the active site, temporarily widening its opening towards the membrane.

Although it is possible that some of our observations are due to the high temperatures used
to promote unbinding, we noticed that residue W115 of COQ?7 flips rotameric conformation
repeatedly (Figure 5E) within the pathway where the CoQ19 molecule moves towards COQ9
(Figure 5F). This is realized through rotation of the Chil angle (Figure 5G) in concert with
separation of the two helices represented by the increase of the distance between W115’s
and A210’s Ca atoms (Figure 5H). Once the small molecule has left the active site, W115’s
sidechain flips to a second stable conformation where the indole ring fills the space that

the headgroup of CoQ1q was occupying (Figure 5F,5H). We thus postulate that residue
W115 could act as a gate for a potential pathway of substrate entry from an initial binding
site around COQ?9 into the active site at COQ?7, and possibly also modulate separation of
COQ7’s helices to allow release of the product towards the membrane.

To test the relevance of this tryptophan experimentally, we mutated the corresponding W120
residue in yeast. Substitution with much smaller but also hydrophobic methionine decreased
CoQg levels (Figure 51) and compromised respiration (Figure 5J), but mostly preserved
levels of the Coq7’s bona fide substrate DMQg (Figure 5K)_ The high expression level of

the mutant (Figure 5L) indicates that the Trp residue is indeed important for the function

of COQ7 and not its stability. Accordingly, substitution of W120 in yeast with histidine,
which also contains an aromatic ring but is more polar than the tryptophan, also distorted the
production of CoQg (Figure 51-L).

The overall COQ7:COQ9 complex forms a hetero-octameric cage.

Physiologically, COQ proteins are associated with the matrix side of the inner mitochondrial
membrane (Morgenstern et al., 2017, Vogtle et al., 2017) where they can interact with each
other to produce CoQ. The single-leaflet-binding heterotetrameric COQ7:COQQ fits well
into this model. However, the cryo-EM revealed that the purified COQ7:COQ9 complex
forms a soluble ~240 kDa capsid-like octamer composed of two “closed” heterotetramers
(Figures 6A and S12A-D). The functional significance of this assembly state remains
unclear.

Globally, the octamer resembles a cube with a proteinaceous outer shell, a middle layer

of protein-interacting lipids, and an inner core consisting of clearly visible lipid-like
densities. Our MS lipid analyses revealed that highly abundant phospholipid species in

E. coli copurified with recombinantly expressed COQ7 and COQ9 (Figure S10D). When
considered with the structure (Figure 3D), and the simulations of membrane binding (Figure
5A), these results suggest that lipids shield the hydrophobic surfaces of the proteins and
therefore assist solubility and stability (Figure 6B).

To test this notion, we delipidated the sample and monitored soluble complex concentrations
using SDS-PAGE. We observed 33% protein loss upon 1h incubation (Figure 6C) without
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the appearance of any new oligomeric structures (Figure 6D). This indicates that protein-
lipid interactions are important for the stability of the COQ7:COQ9 complexes isolated
from E. coli. In addition, we asked if protein-protein interactions also have a stabilizing
effect. We performed thermal denaturation assays to measure the stability of the lipid-rich
but individually purified COQ7, COQ9, COQ7 and COQ9 combined /n vitro, and the
COQ7:COQ9 complex. The 7, of the wild-type COQ9 and COQ7 were 49.1 °C and

62.7 °C, respectively. Mixing of the proteins increased the melting temperature to 66.8°C,
which shows that COQ proteins are strongly stabilized by direct interactions /n7 vitro. The
melting temperature of the purified COQ7:COQ9 complex was higher (71.6°C), possibly
representing a more optimal organization of lipids and proteins in the complex (Figure 6E).

The octameric structure of the COQ7:C0OQ9 complex with the membrane trapped inside
sparks intriguing ideas about its potential roles, for example as a lipid/quinone transporter

or an enzymatic nano-chamber. Such functional states are rather unexpected, since the
preponderance of evidence places COQ proteins only on the matrix face of the IMM (Vdgtle
etal., 2017, Morgenstern et al., 2017, Hung et al., 2014, Vogtle et al., 2012). However,

in human and nematodes COQ?7 has been reported to exist also in the nucleus (Monaghan

et al., 2015). Although these findings are debated (Liu et al., 2017), they highlight that
COQ7 may have additional functions, and thus the COQ7:COQ9 octamer warrants further
experimental investigation. Collectively, we conclude that our data argue in favor of the
COQ7:C0OQ9 tetramer being a physiologically-active form of the complex that can engage
lipid bilayers and whose formation depends on protein-protein and protein-lipid interactions.
The significance of the octameric state remains under investigation.

DISCUSSION

Quinones are highly reactive molecules (Bolton et al., 2000) that can be produced by

cells in the form of lipids and employed as essential redox cofactors for membrane-bound
enzymes (Liu and Lu, 2016, Hidalgo-Gutiérrez et al., 2021). However, the biosynthesis

of these hydrophobic quinones presents biochemical challenges at the aqueous/membrane
interface (Forneris and Mattevi, 2008). Enzymes involved in this biosynthesis require
simultaneous access to water-soluble cofactors and lipid-soluble substrates and need to avoid
the release of immature precursors into the membrane that may lead to toxic interactions
with the quinone-dependent enzymes (Fernandez-del-Rio et al., 2020). In the CoQ pathway,
prenylation occurs at a very early step (Stefely and Pagliarini, 2017). Due to the extremely
hydrophobic character of the subsequent intermediates, a number of simulations, and /n vitro
experiments (Kaurola et al., 2016, Galassi and Arantes, 2015, HauR et al., 2005, Metz et al.,
1995, Samori et al., 1992), we contend that their localization within the lipid bilayer is most
expected. Indeed, DMQ1q produced in human COQ7 KO cells can partially support activity
of the mitochondrial respiratory chain (Wang and Hekimi, 2021), indicating that it must be
present inside the membrane to be accessible to the respiratory complexes. How DMQ and
other CoQ intermediates are accessed and modified by CoQ proteins is unknown.

In recent years, multiple groups have reported evidence for a complex of CoQ-related
biosynthetic proteins (Subramanian et al., 2019, Floyd et al., 2016, Allan et al., 2015,
Lohman et al., 2014, Yen et al., 2020, Marbois et al., 2009, Hsu et al., 2000, Hsieh et
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al., 2007, Marbois et al., 2005, Tran et al., 2006, Tauche et al., 2008), leading to the
speculation that CoQ is produced by a ‘metabolon’ that might surmount these challenges.
Indeed, in £. coli, multiple proteins in the CoQ pathway form a soluble cytosolic complex
that completes a series of enzymatic reactions before returning to membrane (Chehade et
al., 2019). Thus far, however, little has been elucidated about the structure and mechanism
of the eukaryotic CoQ metabolon whose components associate with the inner mitochondrial
membrane (Vogtle et al., 2017, Morgenstern et al., 2017). Here, we offer structural insight
into the actions of a COQ protein complex at a lipid bilayer.

Our data support and extend our previous model that COQ9 facilitates substrate delivery

to COQ7(Lohman et al., 2019); however, the precise mechanism remains elusive. We
demonstrate that the COQ7-COQ9 interaction facilitates binding of the CoQg precursor
OPP, which was enriched 50-fold over background. We further reveal the structure of COQ7
with two of its helices forming a membrane-interacting hydrophobic surface and a quinone-
binding channel leading to the protein’s active site. However, in the conformation captured
by cryo-EM, this channel is not oriented towards COQ9 but towards the interior of the lipid
bilayer. It is possible that COQ7 may rotate to accept the substrate from COQ?9 as part of an
overall cooperative mechanism; however, we did not observe this in our molecular dynamics
simulations. Instead, in a separate simulation, we observed that the two membrane-bound
helices of COQ?7 can open and permit lateral quinone movement. Therefore, we speculate
that COQ9 partially desorbs the quinone-intermediate from the membrane and stimulates
opening of COQ7’s helices to allow a guided lateral diffusion of the intermediate into
COQ?7. Perhaps, this process is facilitated by a conformational change of the a.7-a.8 loop
(captured in COQ9’s crystal structure PDB: 6DEW) that carries the W240 residue essential
for quinone-substrate binding and interaction with COQ?7.

We further speculate that the tetrameric form of the COQ7:COQ9 complex creates a
proteinaceous boundary that protects intermediates from diffusing away. Interestingly,
localization and dynamics of quinones in membranes are known to be influenced by both
membrane composition and curvature (Budin et al., 2018, Michaelis and Moore, 1985),

in addition to the presence of specific proteins (Singharoy et al., 2019). Therefore, in
agreement with our simulations, we also hypothesize that the membrane distortion induced
by the COQ7:COQ?9 tetramer helps to retain and concentrate the quinone-intermediates
close to the membrane surface where they can be efficiently extracted and modified by COQ
enzymes.

Although both COQ7 and COQ9 are enriched at a high molecular weight consistent with
their incorporation into a full complex Q/CoQ synthome, they are also detected at lower
molecular weights (Tran et al., 2006, He et al., 2014). Further studies are required to

define what the complexes of different sizes represent. It is possible that complex Q is a
singular complex that directly channels quinone-intermediates between its proteins, but that
is not sufficiently stable to survive purification. Alternatively, COQ proteins may assemble
into smaller complexes that coexist at specific regions of the mitochondrial membrane
where they process their substrates. Intriguingly, the stability of COQ proteins and their
interactions seems to be positively affected by the presence of CoQ and its intermediates

in the membrane (He et al., 2014, Padilla et al., 2008). Moreover, fluorescent microscopy
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studies have shown that /n vivo COQ proteins assemble into CoQ-domains and colocalize
with ER-mitochondria contact sites in yeast (ERMES) (Subramanian et al., 2019, Eisenberg-
Bord et al., 2019) that facilitate exchange of lipids between the organelles (Acoba et al.,
2020). Whether complex Q and CoQ-domains are one entity, and whether local membrane
composition regulates CoQ production, remain to be established.

Further work will be also required to elucidate what oligomeric forms of the COQ7:COQ9
complex exist in vivo. We suggest the COQ7:COQ9 heterotetramer to be the primary
biological unit; however, it cannot be ruled out that other assemblies of COQ7 and COQ9
have biological relevance. It is intriguing that the very stable COQ7:COQ9 octamer is

rich in lipids but does not require detergents for purification. How and why two membrane-
binding proteins would entrap and solubilize a portion of membrane is entirely unknown.
The membrane curving and thinning observed in the cryo-EM and molecular dynamics
simulations may indicate full pinching off of a part of the membrane leading to formation
of an enzymatic nano-chamber /n vivo. Interestingly, COQ7 has been suggested to play
additional functions in the cell by participating in mtDNA homeostasis (Gorbunova and
Seluanov, 2002, Kirby and Patel, 2021) and stress-signaling (Monaghan et al., 2015, Liu
et al., 2017). Moreover, COQ7 (called CAT5in yeast) and YLR202C (ORF partially
overlapping with COQ9) were hits in a screen identifying /oci important for sterol uptake
(Reiner et al., 2006). Therefore, roles for COQ7 and COQ9 beyond complex Q, and their
existence in different oligomeric forms, are possibilities that will require future studies.

Overall, our results provide molecular insight into how proteins can cooperate at a lipid
membrane to selectively extract and process an extremely hydrophobic substrate. Although
we focused here on CoQ biosynthesis, we anticipate that our findings will have much
broader utility because, in contrast to the COQ7:COQ9 complex that we resolved with

a bound layer of lipids, virtually all other structures of peripheral membrane proteins
deposited in PDB lack bound phospholipids that could explain how such proteins associate
with their target biological membranes.

LIMITATIONS OF THE STUDY

Although overall consistent, our results do have important limitations. Due to the use of

a bacterial system of protein expression, we were unable to retrieve demethoxy-coenzyme
Q (DMQ), the established substrate of COQ7. Instead, our structures are occupied by
octaprenylphenol (OPP), an early intermediate of CoQg production in £. coli. Moreover,
the OPP molecule is displaced from COQ7’s active site by ~10A, and thus it only marks
the route towards the active site. How exactly the quinone substrate travels along that path
remains to be elucidated as its exchange between COQ9 and COQ7 was never directly
observed in our molecular dynamics simulations. The lack of substrate and iron at the
active site prohibits us from making conclusive statements about the catalytic mechanism
of COQ?7. Unfortunately, iron has very complex coordination chemistry; thus, we are not
able to easily overcome this limitation using /n sifico methods. However, we contend that
our structure presents a plausible quinone-protein arrangement that will guide more detailed
studies in the future.
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STAR METHODS

RESOURCE AVAILABILITY

LEAD CONTACT—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the D.J.P (pagliarini@wustl.edu).

MATERIALS AVAILABILITY—AII unique/stable reagents generated in this study are
available from the lead contact upon reasonable request.

DATA AND CODE AVAILABILITY

. All data were deposited in Cell-Press-recommended, datatype-specific
repositories and made publicly accessible.

The atomic coordinates of NADH-bound COQ7:COQ9 complex and
COQ7:COQ9 complex only have been deposited in the Protein Data Bank

with accession numbers 7SSS and 7SSP, respectively. All of the 3D cryo-EM
density maps associated with this study have been deposited in the Electron
Microscopy Data Bank under accession numbers EMD-25413 for NADH-
bound COQ7:COQ9 complex and EMD-25412 for COQ7:COQ9 complex only.
Accession numbers are also listed in the key resources table.

The raw LC-MS lipidomics data generated during the current study have been
deposited at MassIVE repository and are publicly available under accession code
MSV000089931 as of the date of publication. Accession numbers are also listed
in the key resources table.

The raw Western Blot images were deposited at Mendeley Dataset repository
under accession code 10.17632/33sjh9gxrm.1. The accession number is also
listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MICROBES— Saccharomyces cerevisiae strains (WT, Acoq9 and Acoq?) were the haploid
MATalpha BY 4742 (his3A1 leu2A0 lys2A0 ura3A0) from the gene deletion consortium
(Thermo #YSC1054). Escherichia coli strains for protein overexpression were BL21[DE3]-
RIPL and ArcticExpress (DE3) from Agilent (Cat#230280 and Cat#230192 respectively).
Escherichia coli strain for DNA cloning and mutagenesis was DH5a from NEB
(Cat#C2987). Please see individual methods for detailed culture conditions.

METHOD DETAILS

Site-directed mutagenesis and heat-shock transformation—Yeast Coq7 and Coq9
point mutants were constructed as described in the Q5® Site-Directed Mutagenesis Kit (New
England Biolabs) and were confirmed via Sanger sequencing. Plasmid p413 harboring wild
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type Coq7 was used as a template. In the case of Coq9, pUC19 Coq9-FLAG plasmid was
used as a template and successful mutants were cloned into p416 vector using EcoRI and
BamHlI restriction enzymes and T4 ligase (New England Biolabs). Yeast were transformed
as previously described (Gietz and Woods, 2002). Briefly, single yeast colony was used to
inoculate 5 mL of liquid culture (YEPD or selection media) and grown overnight at 30°C
with shaking. Next, 1.5 mL of the culture was transferred to 50 mL of pre-warmed (30°C)
TRAFO media and grown for 4h. Cells were pelleted by centrifugation 3000 g for 5 min.
and washed twice with 50 mL of sterile water, resuspended in 1 mL of water, transferred to
a 1.5 mL Eppendorf tube, and pelleted again. Next, the cells were resuspended in 1 mL of
water, aliquoted (100 uL, ~1e8 cells) to individual tubes, pelleted again, and resuspended in
ice-cold transformation mix (240 pL PEG 3500 50% wi/v, 36 L 1.0M Lithium Acetate, 50
UL boiled ssDNA, 34 pL of water with ~500 ng of plasmid DNA). Samples were vortexed
vigorously to resuspend the cells and heat-shocked at 42°C for 40 min. in a water bath. Next,
yeast were pelleted by 1 min. centrifugation at 10 000g, washed with 1.5 mL of water, spun
at 3000g for 1 min., resuspended in 300 pL of water and plated onto S.C. selection media
with 2% agar.

To generate pET24a hi6-GB1-Nd38_COQ?7 the insert was amplified from pET30 GB1-
Nd38_COQ?7 with forward primer harboring Ndel cut site and his6 tag and reverse primer
harboring EcoRI site. The amplicon and empty pET24a vector were cut with restriction
enzymes, ligated with T4 ligase, and confirmed with Sanger sequencing. Bacteria were
transformed with standard 30 sec. 42°C heat-shock method and plated on LB 2% agar media
with selection.

COQY purification—E.coli ArcticExpress cells harboring pET24a his6-GB1-
Nd38_COQ7 (WT or mutants) were grown O/N at 37°C in 25 mL LB media supplemented
with geneticin and kanamycin. Cells were refreshed in 3x 2L LB to ODgp=0.1 and grew
with shaking at 37°C to ODgpg=0.4. Cultures were chilled to 20°C, 100uM ammonium
iron sulfate was added, and protein expression was induced with 100 uM Isopropyl p- d-1-
thiogalactopyranoside (IPTG). After the first and the second hour 100 pM ammonium iron
sulfate was added again. Protein production was continued for 24h total and then cells were
spun 10 min. x 5000g at 4°C. Each 15g of cell paste were resuspended in 35 mL total Lysis
Buffer (20 mM HEPES pH 7.5, 200 mM NacCl, 10% glycerol, 5 mM sodium thioglycolate,
1 mM cysteine, 1 uL Benzonase, 5 mM MgCl,, 500 uM phenylmethylsulfonyl fluoride
(PMSF), 0.1 mg/mL lysozyme) and incubated at 4°C with slow rotation. Next, the conical
tubes were put on ice and the cells were lysed using Bronson sonifier (50% amplitude,

10 sec. ON/60 sec. OFF, 3 cycles). The lysate was spun (10 min. x 50 000g), supernatant
was collected and the soluble fraction of COQ7 was subjected to IMAC purification on
TALON resin as described later. The pelleted fraction containing membrane-bound COQ7
was resuspended in 10 mL of Lysis Buffer supplemented with 3% digitonin. Sample was
loaded into syringe and further homogenized by passing it several times through a needle.
The homogenate was incubated at 4°C with rotation for next 2h. Then, it was transferred
to oakridge tube and Lysis Buffer was added to 30 mL total. Sample was spun 1h x 50
000g and supernatant containing solubilized proteins was loaded onto 5 mL of TALON
resin equilibrated with Wash Buffer (20 mM HEPES 7.5, 200 mM NacCl, 10% glycerol,
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1 mM imidazole) in 50 mL conical tube. After 2h incubation at 4°C with gentle rotation,

the resin was washed 3 times with 50 mL of Wash Buffer + 10 mM imidazole. Next, the
resin was transferred to 15 mL conical tube and the COQ7 was eluted with 5 mL of Elution
Buffer (20 mM HEPES 7.5, 200 mM NacCl, 10% glycerol, 150 mM imidazole). Sample

was incubated in ice for 10 min., spun 5 min. x 700g, supernatant was collected, and the
resin was subjected to another round of elution. Supernatants were combined, concentrated
to 1 mL using Amicon Centrifugal Filter (15k Da cut-off) and subjected to Size Exclusion
Chromatography. Best fractions were pooled together, frozen with liquid nitrogen and stored
at —80C.

COQ9 and COQ7:COQ9 complex purification—E.coli Arctic Express cells harboring
pETduet his6-Nd79_COQ?9 alone or co-transformed with pET30 GB1-Nd38_COQ7 were
grown O/N at 37°C in 25 mL LB media supplemented with geneticin, ampicillin and
kanamycin as needed. Cells were refreshed in 3x 2L LB to ODgpp=0.1 and grew with
shaking at 37°C to ODgpg=0.4. Cultures were chilled to 20°C, 100 uM ammonium iron
sulfate was added, and protein expression was induced with 100 uM Isopropyl p- d-1-
thiogalactopyranoside (IPTG). After the first and the second hour 100 uM ammonium iron
sulfate was added again. Protein production was continued for 24h total and then cells were
spun 10 min. x 5000g at 4°C. Each 15g of cell paste was resuspended in 35 mL total Lysis
Buffer (20 mM HEPES pH 7.5, 200 mM NacCl, 10% glycerol, 5 mM sodium thioglycolate,
1 mM cysteine, 1 uL Benzonase, 5 mM MgCl,, 500 uM phenylmethylsulfony! fluoride
(PMSF), 0.1 mg/mL lysozyme) and incubated at 4°C with slow rotation. Next, the conical
tubes were put on ice and the cells were lysed using Bronson sonifier (50% amplitude,

10 sec. ON/60 sec. OFF, 3 cycles). The lysate was spun (30 min. x 50 000g) and the
supernatant was loaded onto 5 mL of TALON resin equilibrated with Wash Buffer (20 mM
HEPES 7.5, 200 mM NacCl, 10% glycerol, 1 mM imidazole) in 50 mL conical tube. After
2h incubation at 4°C with gentle rotation, the resin was washed 3 times with 50 mL of
Wash Buffer + 10 mM imidazole. Next, the resin was transferred to 15 mL conical tube

and proteins were eluted with 5 mL of Elution Buffer (20 mM HEPES 7.5, 200mM NacCl,
10% glycerol, 150 mM imidazole). Sample was incubated in ice for 10 min., spun 5 min.

x 700g, supernatant was collected, and the resin was subjected to another round of elution.
Supernatants were combined, concentrated to 1 mL using Amicon Centrifugal Filter (15k Da
cut-off) and subjected to Size Exclusion Chromatography and subsequent blue native PAGE
analysis (NativePAGE, 4-16%, Bis-Tris, Invitrogen).

Size Exclusion Chromatography—~Purified proteins concentrated to 1 mL or gel
filtration standards (BioRad, 1511901) were injected on to Hi-Load pg200 column and
150 mL eluate was collected as 1.0 mL fractions at 1.0 mL/min., in 20 mM HEPES

pH 7.5, 200 mM NacCl buffer or in 20 mM ammonium acetate pH 7.0 in case of the
COQ7:COQ9 complex subjected later to the cryo-EM. UV absorbance signal was used to
detect protein-containing fractions which were then analyzed by SDS-PAGE (NUPAGE™
4 to 12%, Bis-Tris, Invitrogen) to assess their purity. Best fractions were pooled together,
frozen with liquid nitrogen and stored at —80°C.

Mol Cell. Author manuscript; available in PMC 2023 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manicki et al.

Page 16

Lipids extraction from yeast—Yeast were transformed with p413 or p416 plasmids
carrying wild type or mutated version of yeast COQ7 and COQ9 genes, respectively. Next,
individual colony was picked from the S.C. 2% glucose pABA- plate and used to start 3
mL liquid culture in the same media. After 12h growth at 30°C with shaking, the cultures
were used to prepare new 3 mL cultures in S.C. 0.1% glucose, 3.0% glycerol, 50 nM
pABA at ODgy=0.1 and incubated at 30C with shaking for 24h to pass the diauxic shift.
Next, equivalent of 5 mL ODggg=1.0 (~5e7 cells) was pelleted (2 min. x 3000g) in 1.5 mL
screw-cap tube. The supernatant was discarded, 100 pL of glass beads, and 50 pL of 150
mM KCI, and 600 pL of methanol with 0.1 uM CoQyg internal standard (Avanti Polar Lipids)
were added, and the cells were lysed by 2 rounds of 5 min. bead-beating in disruptor genie
set to max (3000 rpm) speed. To extract lipids, 400 pL of petroleum ether was added to
sample and subjected to bead-beating for 3 min. Sample was then spun 2 min. x 1000g at
4°C and the ether layer (top) was transferred to a new tube. Extraction was repeated, the
ether layers were combined and dried (~30 min.) under argon gas at room temperature.

CoQ6 measurement by HPLC-ECD—Extracted dried lipids were resuspended in 50
uL of mobile phase (78% methanol. 20% isopropanol, 2% 1 M ammonium acetate pH 4.4
in water and transferred to amber glass vials with inserts. Vials were inserted into HPLC
(Ultimate 3000, Thermo Scientific) with electrochemical detector (ECD-3000RS) and 10 pL
of each sample was injected. The flow rate was set to 0.3 mL/min (LPG-3400RS pump).
The first electrode (6020RS) was set to +600 mV and placed before the column (Thermo
Scientific, Betasil C18, 100 x 2.1 mm, 3um particle) to oxidize all the quinones and ensure
their simultaneous elution. Second electrode (6011RS) was set to —600 mV to reduce the
quinones exiting the column, and then the third electrode was set to +600 mV to make final
recordings. A CoQg standard (Avanti Polar Lipids) was used to identify corresponding peak
in the obtained data. Peaks were then quantified with Chromeleon 7.2.10 software using
cobra wizard option.

Measurement of DMQq'’s redox state by HPLC-ECD—Samples were prepared
according to “NADH fluorescence method”. Briefly, reactions containing 500 uM NADH,
250 uM DMQy, and 5 puM protein when indicated were incubated for 0-5 minutes and
quenched with 100 uL of —20°C cold methanol, incubated at —20°C for 5 min. and spun

at 2°C for 5 min. x 20 000 g. Supernatants were layered with argon gas and transferred

to amber glass vials. Vials were inserted into HPLC (Ultimate 3000, Thermo Scientific)
with electrochemical detector (ECD-3000RS) and cooled to 4°C. Then, 2.5 uL of each
sample was injected and resolved at 0.25 mL/min. (LPG-3400RS pump) isocratic flow

of 90% A (0.1% formic acid in H,0) and 10% B (isopropanol) mobile phase. The first
electrode (6020RS) placed before the column (BetaBasic C18, 100 x 4.5 mm, 5um particle)
was turned off (0 mV). Second electrode (6011RS) was set to —600 mV to reduce the
quinones exiting the column, and then the third electrode was set to +600 mV to make

final recordings. Data were compared to 250 UM DMQ standard (aaBlocks) pre-oxidized
with first electrode set to +600 mV or pre-reduced with the electrode set to —600 mV. All
reactions were done in triplicate. Representative traces are shown. Additionally, areas of the
peaks were quantified using Chromeleon software and used to calculate ratio of reduced
DMQq to oxidized DMQq.

Mol Cell. Author manuscript; available in PMC 2023 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manicki et al.

Page 17

Western Blotting—Methanol-glass beads mix from the lipid extraction protocol was dried
under fume hood at 60°C for several hours until complete dryness. Next, 200 pL of 1x

LDS Buffer with 10 mM DTT was added and the sample was boiled for 20 min. with

often intense vortexing. Beads were spun 5 min. x 20 000g and 15 pL of supernatant

was loaded on SDS-PAGE gel (NUPAGE™ 4 to 12%, Bis-Tris, Invitrogen). Proteins were
electrophoretically separated for 35 min. at 150V, and then transferred (192 mM glycine,

25 mM Tris, 20% methanol [v/v]) to methanol-activated PVDF membrane (Immobilon-FL).
The membrane was washed with TBS-T (20 mM Tris pH 7.4, 150 mM NacCl, 0.05%

Tween 20 [v/v]), blocked with 5% powdered milk in TBS-T, washed 3 times with TBS-T,
incubated at 4°C O/N with primary a-FLAG (Millipore F1804-5MG) or a-beta-Actin
(Abcam ab8224) or a-Coq7 (raised by GenScript in rabbits against NLERTDGTKGPSEE
peptide) antibodies (1:5000 in 0.5% milk), washed 3 times with TBS-T, incubated with
secondary antibodies (1:20 000 in 0.1% milk, goat anti-mouse (LI-COR 926-32210,
1:15000; RRID: AB_621842) or goat anti-rabbit (LI-COR 926-32211, 1:15000; RRID:
AB_621843)), washed 3 times with TBS-T, and finally visualized with LI-COR Odyessey
CLx scanner using Image Studio v5.2 software.

Yeast respiratory growth—Individual colony was picked from the S.C. -URA or -HIS,
2% glucose, pABA-, plate and used to start 3 mL liquid culture in the same media. After

12h growth at 30°C with shaking, the culture was used to prepare new 1.0 mL culture in

S.C. 0.1% glucose, 3.0% glycerol, 50 nM pABA at ODgp=0.05. Next, 100 pL of it was
transferred to 96-well round-bottom clear plate (Thermo) and sealed with BreatheEasy film
(USA Scientific). The plate was loaded into EPOCH plate reader operated with Gen5 3.1
software and yeast were grown at 30°C with max linear shaking (1096 cpm) for 48—72h with
optical density monitored every 20 min. at 600 nm.

COQ7:COQ9 complex delipidation—100 pL of COQ9:COQ7 complex was thawed
(20mM HEPES pH 7.5 200mM NaCl, 10% glycerol at 1.5 pg/pL) and incubated 1h with
100 pL BioBeads (washed with 1mL of methanol and then 3x 1mL buffer) at room temp
with orbital shaking. In parallel, 100 pL of COQ9:COQ7 was incubated without biobeads as
a control of protein stability at the room temp. 5 L was collected after 1h. The beads were
spun 15 000g x 1 min. and the supernatant containing delipidated complex was transferred
to a new tube. The beads were washed 3 times with 1 mL of the buffer and resuspended in
100 pL of 1x LDS buffer with 5 mM DTT. Finally, blue native PAGE (NativePAGE, 4-16%,
Bis-Tris, Invitrogen) and SDS-PAGE (NuPAGE™ 4 to 12%, Bis-Tris, Invitrogen) were run
to analyze results.

NADH fluorescence—Buffer (20 mM HEPES pH 7.6, 200 mM NaCl) was mixed with

5 UM protein, 250 uM NADH, and 250 uM DMQq as indicated in the figure to total
reaction volume of 100 pL. Samples were loaded into black flat clear bottom 96-well

plate (BRANDplates, pure-grade) and incubated at 30°C with constant slow orbital shaking.
Optics were set to TOP position with probe’s height at 5 mm and gain value 100. Then,
NADH’s fluorescence was recorded every 5 min. (Excitation= 340 nm, Emission=445 nm)
for 4h.
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Differential Fluorimetry Scanning (DSF)—24.5 uL of 5 uM solution of every protein
was prepared in 96-well plate MicroAmp Optical plate (Applied biosystems), and incubated
at room temp. for 15 min. Then, 0.5 pL 50x SYPRO Orange (Invitrogen) dye in 10% DMSO
was added to each well and mixed by pipetting. The plate was sealed with MicroAmp
Optical film (Applied biosystems), spun 1 min. x 1000 g, loaded into QuantStudio 6

Flex (Applied biosystems) and subjected to 20-99°C heat gradient changing at 0.025 °C/
sec. Signal for ROX dye (overlapping with SYPRO orange) was recorded. The data were
analyzed using DSFworld server (https://gestwickilab.shinyapps.io/dsfworld). Fits 2 and 4
were selected as the best representing the shape of melting curves and used to calculate
melting temperatures.

In silico analyses—Tunnels in COQ7 were detected with MOLEonline (Pravda et

al., 2018) server (https://mole.upol.cz/) using default settings. All graphs were prepared
using GraphPad Prism 9.1.0 software. All structures were analyzed (inter-residue distances,
interactions etc.) and visualized using CHIMERA 1.11.2 software(Pettersen et al., 2004).
Electrostatic surface potentials of proteins were calculated using APBS server (Jurrus et al.,
2018) (poissonboltzmann.org) on default settings. Densitometry was performed with ImageJ
1.50i (Schneider et al., 2012). Student t-tests were calculated in Excel.

Mass-spec lipidomics analysis of DMQg content in yeast.—Lipid extracts from
equivalents of 5 mL ODgpo=1.0 (~5€7 cells) yeast cultures were prepared as described in
“HPLC-ECD” section. LC-MS analysis was performed using Thermo Vanquish Horizon
UHPLC system coupled to a Thermo Exploris 240 Orbitrap mass spectrometer. For LC
separation, A Vanquish binary pump system (Thermo Scientific) was used with a Waters
Acquity CSH C18 column (100 mm x 2.1 mm, 1.7 mm particle size) held at 35°C under
300 pL/min flow rate. Mobile phase A consisted of 5 mM ammonium acetate in ACN/H,0
(70:30, v/v) containing 125 pL/L acetic acid. Mobile phase B consisted of 5 mM ammonium
acetate in IPA/ACN (90:10, v/v) with the same additive. For each sample run, 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 4 min. The column was re-equilibrated for 5 min at 2%B before

the next injection. Five microliters of sample were injected by a Vanquish Split Sampler

HT autosampler (Thermo Scientific) while the autosampler temperature was kept at 4 °C.
The samples were ionized by a heated ESI source kept at a vaporizer temperature of 350°C.
Sheath gas was set to 50 units, auxiliary gas to 8 units, sweep gas to 1 unit, and the spray
voltage was set to 3,500 V for positive mode and 2,500 V for negative mode (two separate
injections per replicate). The inlet ion transfer tube temperature was kept at 325°C with 70%
RF lens. For discovery analysis, MS? scans were acquired at 120,000 resolution from m/z
200 to 1,700 with EasyIC enabled to improve mass accuracy. MS?2 scans were acquired in
AcquireX Background Exclusion mode to automatically exclude background ions found in
the extraction blank from MS/MS fragmentation during sample acquisitions with the cycle
time of 1.5 s. Other MS? parameters include resolution of 30,000, 54 ms MS2 ion injection
time, 1.5 m/z isolation width, stepped HCD collision energy (25%, 30% for positive mode
and 20%, 40%, 60% for negative mode), and 3 s dynamic exclusion. Automatic gain control
(AGC) targets were set to standard mode for both MS! and MS? acquisitions.

Mol Cell. Author manuscript; available in PMC 2023 November 17.


https://gestwickilab.shinyapps.io/dsfworld
https://mole.upol.cz/
http://poissonboltzmann.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manicki et al.

Page 19

Data Analysis—The resulting CoQ intermediate (oxidized form) data were processed
using TraceFinder 5.1 (Thermo Fisher Scientific).

LC-MS lipidomics of purified proteins and E. coli cells.—For lipidomics analysis
of COQ7:C0OQ9 complex, two 20 uL aliquots of 5 mg/mL protein COQ9:COQ7 complex, in
200 mM ammonium Acetate were extracted using Matyash method (Matyash et al., 2008).
Briefly, once samples were thawed on ice, 200 uL methyl tert-butyl ether (MTBE), 60 uL of
methanol, and 50 uL of water was added to each tube and the mixture was vortexed for 10

s. The sample was then centrifuged for 10 min at 10,000 g at 4°C. 150 pL of the lipophilic
(upper) layer from the biphasic extraction was aliquoted into a separate glass vial and dried
down by vacuum centrifugation, and was then resuspended in 50 pL 9:1 MeOH/Toluene
prior to LC-MS/MS analysis.

For lipidomics of the separately purified proteins, two aliquots of each purified protein
(100 pg COQ7, 100 pug COQ9Y, 200 pug COQ7:COQY) or pelleted £.colicells (10e10, ~20
x ODggp=1.0) were thawed on ice. Once thawed, 87 uL of methanol, and 290 pL methyl
tert-butyl ether (MTBE) were added to each non-pellet tube and the mixture was vortexed
for 10 s (sample contained 100 pL of aqueous buffer). For each of the £. coli cell pellet
tubes, 205 pL methanol, 750 uL MTBE, and 187.5 uL water were added, and the mixture
was sonicated for 10 s. After centrifugation for 2 min at 14,000 g at 4°C, 200 pL of the
lipophilic (upper) layer from the biphasic extraction was aliquoted into an amber glass
autosampler vial with glass insert and dried down by vacuum centrifugation. The samples
were then resuspended in 50 pL 9:1 MeOH/toluene prior to LC-MS/MS analysis.

LC-MS/MS analysis for lipidomics.—Sample analysis was performed using an Acquity
CSH C18 column held at 50 °C (100 mm x 2.1 mm x 1.7 um particle size; Waters), a 400
pL/min flow rate was maintained using a Vanquish Binary Pump (Thermo Scientific). The
mobile phases consisted of 10 mM ammonium acetate in ACN:H20 (70:30, v/v) with 250
uL/L acetic acid (Mobile Phase A), and 10 mM ammonium acetate in IPA:ACN (90:10,

v/v) with 250 pL/L acetic acid (Mobile Phase B). For each sample 10 pL, was injected onto
column using Vanquish autosampler (Thermo Scientific). The gradient for lipid separations
was as follows, 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, then raised to 85%
over 14 min, and finally raised to 99% over 1 min and held at 99 % for 7 min. The column
was re-equilibrated with mobile phase B at 2% for 1.75 min before the next injection.

The LC system was coupled to a Q Exactive Orbitrap mass spectrometer through a heated
electrospray ionization (HESI I1) source (Thermo Scientific). Source conditions were as
follow: HESI Il and capillary temperature at 300 °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/| for both
positive and negative modes, and S-lens RF at 90.0 units. Data were acquired using polarity
switching with 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 108 automatic gain control (AGC) target, 100 ms max inject time, and 200 to 1600 m/z
scan range. MS2 scans in both modes were then performed at 17,500 resolution, 1 x 10°
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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

Data Analysis for lipidomics by mass spectrometry—L C-MS data were processed
using Compound Discoverer 2.1 and 3.1 (Thermo Scientific) and LipiDex, an in-house-
developed software suite (Hutchins et al., 2018). Features detection was performed within

a 1.4 min to 21 min retention time window, and features were aggregated into compound
groups using a 10-ppm mass and 0.75 min retention time tolerance. Detect compounds node
settings of minimum peak intensity of 5x10°, maximum peak-width of 0.75, and signal-to-
noise (S/N) ratio of 3 were used. Background features were designated as features less than
3-fold intensity over blanks and were excluded from further processing. MS/MS spectra
were searched against an in-silico generated lipid spectral library (Hutchins et al., 2018).
Spectral matches with a dot product score greater than 500 and a reverse dot product score
greater than 700, eluting within a 3.5 median absolute retention time deviation (M.A.D.
RT) of each other, and found within at least 2 processed files were retained. Lipids with

no significant interference (<75 %) from co-eluting isobaric lipids were identified at the
individual fatty acid substituent level, otherwise lipids were annotated with the sum of the
fatty acid substituents.

In-gel sample digestion for proteomics—All the steps were performed at room
temperature with use of LC-MS grade reagents. Samples were loaded onto reducing SDS-
PAGE gel (NUPAGE™ 4 to 12%, Bis-Tris, Invitrogen) and resolved 45 min. x 150V.
Individual bands were excised from the gel, placed in separate tubes and cut into smaller
pieces. Samples were destined for 15 min. in 100 pL of 25 mM ammonium bicarbonate
(AMBIC) in acetonitrile/water (50/50, v/v) buffer. Next, samples were washed for 10 min.
with acetonitrile and air dried for 10 min. Then, samples were reduced (40 pL of 10 mM
TCEP and 40 mM 2-chloroacetemide in 25 mM AMBIC) for 30 min. and dehydrated

in 200 pL acetonitrile for 10 min. The gel pieces were air dried for 10 min., incubated
with 40 pL of trypsin (Promega, Sequencing Grade, 16 ng/pL in 25 mM AMBIC) for

15 min., supplemented with additional 30 L of 25 mM AMBIC and the proteins were
digested overnight. Supernatants containing digested peptides were transferred to new
tubes and gel pieces were covered with 100 pL extraction buffer (5% formic acid in
water/acetonitrile (1/2, v/v), incubated for 10 min. and the supernatants were collected and
combined with the previous ones. Samples were dried down to several pL in Speedvac
(Thermo Scientific), resuspended in 100 uL 0.1% TFA and desalted using C18 Omix tips
(Agilent, #A57003100K). Each time a tip was conditioned with 2x 100 uL of 0.1% TFA in
50:50 (v/v) ACN/H,0, washed with 2x 100 pL of 0.1% TFA in H,0, sample was bound
by passing 10 times thru tip resin, and then washed 3% 100 uL of 0.1% TFA in H,0. The
peptides were eluted with 100 pL of 0.1% TFA in 80:20 (v/v) ACN/H50, dried in Speedvac,
reconstituted in 20 pL of 0.2% formic acid in H,O and subjected to LC-MS analysis.

Liguid Chromatography Mass Spectrometry Proteomics—LC separation was
performed using Thermo Ultimate 3000 RSLCnano system. A 15 cm EASY-Spray ™
PepMap™ RSLC C18 column (150 mm x 75 um, 3 pm) was used at 300 nL/min flow
rate with a 60 min. gradient using mobile phase A consisting of 0.1% formic acid in H,O,
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and mobile phase B consisting of 0.1% formic acid in ACN/H,0 (80/20, v/v). EASY-Spray
source was used and temperature was at 35 °C. Each sample run was held at 4.0% B for

3 min and increased to 45% B over 42 min, followed by 5 min at 95% B and back to 4%

B for equilibration for 10 min. An Acclaim PepMap C18 HPLC trap column (20 mm x 75
um, 3 um) was used for sample loading. MS detection was performed with Thermo Exploris
240 Orbitrap mass spectrometer in positive mode. The source voltage was set to 1.5 kV, ion
transfer tube temperature was set to 275 °C, RF lens was at 40%. Full MS spectra were
acquired from m/z 350 to 1400 at the Orbitrap resolution of 120000, with the normalized
AGC target of 300% (3E6) and max ion injection time of 25 ms. Data-dependent acquisition
(DDA) was performed for the top 15 precursor ions with the charge state of 2—6 and an
isolated width of 2. Intensity threshold was 5E3. Dynamic exclusion was 20 s with the
exclusion of isotopes. Other settings for DDA include Orbitrap resolution of 15000, HCD
collision energy of 30%, and ion injection time of 40 ms.

Raw data files were analyzed by Andromeda Search engine incorporated in MaxQuant
v1.6.17.0 software against human and £. Coli databases downloaded from Uniprot. Label-
free quantitation was enabled in the analysis to compute iBAQ values for the identified
proteins.

Negative-stain electron microscopy—4.0 pl aliquots of purified COQ7-COQ9
complex (0.05 mg mi~1) was applied onto glow-discharged continuous carbon-coated grids,
blotted with filter paper, and stained with freshly prepared 0.75% (w/v) uranyl formate.
Negatively-stained electron microscopy grids were imaged on Tecnai T12 microscope (FEI
Company) equipped with a 4k x 4k CCD camera (UltraScan 4000, Gatan) and operated at a
voltage of 120 kV. Images were recorded at room temperature with a nominal magnification
of 52,000x, corresponding to a calibrated pixel size of 2.21 A on the specimen. A total of
121 micrographs were collected and CTF parameters were estimated by CTFFIND4 (Rohou
and Grigorieff, 2015). Particles were manually picked, extracted with a box size of 200

x 200 pixels, and reference-free 2D classification was used to generate the templated for
the automatic particle picking by using Relion 3.0 software package (Zivanov et al., 2018).
Then, 262,589 particle projections were semi-automatically picked from the micrographs
and sorted through multiple rounds of 2D classification to discard poorly defined particle
classes using Relion 3.0. A subset of 231,879 particles with well-defined shapes was
selected following multiple rounds of 2D classification to demonstrate 2D class averages

of COQ7-COQ9 complex.

Cryo-EM sample preparation—Peak fractions containing the COQ7-COQ9 complex
were concentrated to 5 mg mI~1 and flash frozen in liquid nitrogen for long-term storage at
-80 °C. An aliquot of purified COQ7-COQ9 complex was diluted to 0.5 mg mI~1 (8.8 uM)
in 200mM Ammonium Acetate, pH 7.0 before blotting. Cryo-EM samples of COQ7-COQ9
complex bound to NADH were prepared similarly with the addition of NADH. Briefly, the
diluted complex (8.8 pM) was mixed with NADH to a final NADH concentration of 5 mM
in a final solution containing 200mM Ammonium Acetate, pH 7.0, and incubated at room
temperature for 1 hour. To prepare cryo-EM grids, 3.5 pl of purified COQ7-COQ9 complex
was applied to glow-discharged holey carbon grids (Quantifoil R1.2/1.3, 400 mesh Cu) and
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incubated for an additional 30 s. Then, the grids were blotted with Whatman Grade 1 filter
paper (Whatman) for ~6 s with a 0 mm offset at 10 °C and 100% relative humidity and
plunge frozen into liquid ethane using a Vitrobot Mark 1V (Thermo Fisher Scientific).

Data collection—Two datasets were collected on two different microscopes using the
multi-record strategy (nine-hole exposures per single-stage movement) in SerialEM software
(Mastronarde, 2005). For unliganded COQ7-COQ9 complex, images were collected on a
FEI Talos Arctica equipped with a K3 Summit direct electron detector (Gatan) and operated
at an accelerating voltage of 200 keV. In total, 1,395 images were recorded with a defocus
range of —0.5 to —1.5 pm in super-resolution counting mode at a nominal magnification

of 36,000x, corresponding to a super-resolution pixel size of 0.57 A (physical pixel size

of 1.14 A) on the specimen level. Each image was dose-fractionated over 120 frames with

a per frame dose rate of ~0.49 electrons and total exposure time of 2.4 s, resulting in an
accumulated dose of ~58.8 electrons per A2. For NADH-bound COQ7-COQ9 complex,
images were acquired on a FEI Titan Krios equipped with a K3 Summit direct electron
detector and a Quantum GIF energy filter (Gatan) with a slit width of 20 eV and operated
an accelerating voltage of 300 keV in nano-probe mode. A total of 10,088 micrographs
were collected at a magnification of 105,000x with a calibrated super-resolution pixel size
of 0.4165 A (physical pixel size of 0.833 A) and a defocus range of 0.3 to —1.2 um. The
total exposure time for each micrograph was 3 s, with dose-fractionation set at 0.025 s per
frame, resulting in 118 movie frames at a per frame dose rate of ~0.55 electrons for a total
accumulated dose of ~65 electrons per A2. Data collection statistics are shown in Extended
Data Table 1.

Image analysis and 3D reconstruction—Dose-fractionated stacks were subjected to
beam-induced motion correction using MotionCor2 (Zheng et al., 2017). CTF parameters
for each micrograph in the unliganded COQ7-COQ9 complex and the NADH-bound COQ7-
COQ9 complex datasets were determined by GCTF v.1.06 (Zhang, 2016) and CTFFIND4
(Rohou and Grigorieff, 2015), respectively. Subsequent image processing for both datasets
was carried out in Relion 3.0. For cofactor-free COQ7-COQ9 complex, 3040 particles were
manually picked and classified by reference-free 2D classification to generate templates for
automatic particle picking. A total of 574,760 auto-picked particles were extracted with a
box size of 192 pixels and subjected to two rounds of 2D classification to discard poorly
defined classes, resulting in 528,971 particles for further processing. An initial 3D model
from these particles was generated by using cryoSPARC ab initio reconstruction(Punjani
etal., 2017). Stable classes were then used for iterative rounds of 3D refinement and
reclassification without symmetry. Upon visual inspection of 3D reconstructions in UCSF
Chimera(Pettersen et al., 2004), the particles from the best 3D classes (281,866 particles)
were combined and subjected to 3D refinement with D2 symmetry. Subsequent per-particle
CTF refinement and 3D classification without alignment yielded a single class containing
61,526 particles. This final subset of particles was refined with a soft mask and sharpened
by a negative temperature factor to a resolution of 3.5 A during post-processing procedure.
A similar strategy was used for NADH-bound COQ7-COQ9 complex. In total, 2,709,398
particles were extracted with a box size of 256 pixels and binned to 128 pixels. After
removing the suboptimal particles with two rounds of reference-free 2D classification, the
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best classes were subjected to 3D refinement without imposed symmetry. Subsequent 3D
classification into 6 classes showed two dominant classes containing 1,249,119 particles
(~46% of the dataset), which was then re-extracted to a box size of 256 pixels and
refined with D2 symmetry imposed. These particles were subjected to another round of
3D classification into six classes without image alignment, resulting in 372,917 particles
with indicated global resolution of 2.7 A. The map was further improved after CTF and
aberration refinements by using Relion 3.1 (Zivanov et al., 2018). The final map had a
resolution of 2.4 A after sharpened by applying a negative temperature factor during the
post-processing step. The reported final resolution estimates are based on the gold-standard
Fourier shell correlation (FSC) cut-off of 0.143. Local resolutions were determined using
ResMap with half-reconstructions as input maps. Refinement parameters for the final
density maps are listed in Extended Data Table 1.

Model building and validation—The initial model of COQ7 was a homology model
calculated by Phyre2(Kelley et al., 2015), using the intensive modeling mode. The crystal
structure of COQ9 (PDB ID: 6AWL) was also used as an initial template for model
building. The atomic models were manually rebuilt using Coot (Emsley et al., 2010)

and real-space refined using phenix.real_space_refine tool (Afonine et al., 2018) from the
PHENIX software package(Liebschner et al., 2019). Briefly, phenix.miriage(Liebschner

et al., 2019) was used to analyze cryo-EM maps and an automated sharpening

procedure (phenix.auto_sharpen (Mastronarde, 2005)) was applied to the final cryo-EM
reconstructions prior to model building. The 3.7 A and 2.4 A density maps were of
sufficient quality for de novo model building. After initial model building, the unliganded
and NADH-bound starting models were subjected to iterative rounds of refinement

in phenix.real_space_refine using global minimization, morphing, noncrystallographic
symmetry (NCS), B-factor refinement, local grid search and secondary structure restraints,
and manual rebuilding in Coot. The ligand coordinates were docked into densities and
refined using Coot. The final model geometry was evaluated using MolProbity 4.5(Williams
et al., 2018). Independent FSC curves for model-map correlations were calculated between
the resulting model and the half map used for refinement as well as between the resulting
model and the other half map for cross-validation. Protein interfaces and associated free
energies were analyzed by using PDBePISA server(Krissinel and Henrick, 2007). The final
refinement statistics are summarized in Extended Data Table 1.

Molecular dynamics simulations—We prepared all systems for MD simulations with
the membrane module of the CHARMM-GUI server(Lee et al., 2018) and followed the
provided equilibration and production files, except for changes as indicated.

We parametrized the protein components with the CHARMM36m forcefield, its adapted
TIP3P water model and the CHARMM36 lipids(Huang et al., 2017), and used the

NADH parameters from (Pavelites et al., 1997) and the CoQ1 parameters from (Teixeira
and Arantes, 2019, Galassi and Arantes, 2015). For DMQ we utilized the parameters
computed automatically by the CHARMM general force field (Vanommeslaeghe et al.,
2010, Vanommeslaeghe and MacKerell, 2012) as implemented in CHARMM-GUI (Lee et
al., 2018). The model membranes contained 17% cardiolipin (charged -2), 44% POPC and
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39% POPE; or 16% cardiolipin, 42% POPC and 38% POPE when 4% CoQ10 was included
(Kaurola et al., 2016). The solvent included 0.15 M KCI for charge neutralization and ionic
strength.

For simulations aimed at testing unbinding of CoQ10 from COQ7’s active site, we first tried
replica exchange MD but it invariably resulted in membrane destabilization. Therefore, we
took another approach in which we ran regular simulations at 300, 400, 450, 500 and 600

K. At 500 and 600 K, the system destabilized within the first few hundred nanoseconds of
simulation times: the proteins unfolded and the membranes disrupted. At 300 and 400 K,
the small molecule remained locked inside the active site for the full length of independent
multi-microsecond trajectories. At 450 K we observed events in which the docked CoQ10
dissociated from the active site without compromising the protein or membrane stabilities
within the simulated timescale (~1-1.5 microsecond); we therefore analyzed 10 independent
replicas at this temperature as described in the main text. In all these simulations the
membranes and proteins remained stable, and the NADH remained stably bound to COQ?7,
during the whole simulation times.

We ran all simulations with Gromacs 2020 (Abraham et al., 2015), visualized them with
VMD(Humphrey et al., 1996) and analyzed them with custom scripts, VMD procedures, and
the MEMBPLUGIN plugin for VMD (Guixa-Gonzélez et al., 2014).

QUANTIFICATION AND STATISTICAL ANALYSIS

See each individual method and figures’ legends for the associated statistical analysis. The
majority of p values in this report were calculated using an unpaired, one-sided, Student’s

t test. MS data analysis was performed as described in each MS analysis section. In all
cases, n1represents independent replicates of an experiment and error bars represent standard
deviation. All Western Blots were done in triplicates and representative membranes are
shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure — function characterization of COQ?7.
(A) Native PAGE analysis of purified GB1-NI38C0OQ7:His6-N979COQ9 complex.

(B) Structure of COQ7 with visible channel leading to an active site. Iron atoms were not
resolved by cryo-EM and were added based on the structure of bactoferritin (PDB:4AM?2).
(C) Electrostatic surface potential of COQ7 with visible entry to the hydrophobic channel.
(D) The hydrophobic channel with visible additional ligand density inside. Important
residues are labeled. Corresponding residues in yeast are in parentheses.

(E,F) Octaprenylphenol (OPP) and Coenzyme Qg (CoQg) in £. colicells and the GB1-
Nd38COQ7:His6-NI79COQ9 complex purified from £. coli. (mean * s.d., n= 2).

(G) Growth of Coq7 mutants. Cells start with fermentation and then switch to respiration
(mean * s.d., 7= 3). (*) corresponds to time point used for measurements in panel H,1,J.
(H) Coenzyme Qg level in Coq7 mutants (mean + s.d., 7= 3, one-sided Student’s #test,
*p<0.05, n.s. not significant).

() Expression level of the Coq7 yeast mutants. Native Coq7 in BY4742 strain is below the
limit of detection.

(J) DMQg level in Coq7 mutants. (mean + s.d., 7= 3, one-sided Student’s £test, *p<0.05,
n.s. not significant).
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Figure 2. Details of NADH binding to COQ?7.
(A) Electrostatic surface potential of COQ7 with bound NADH molecule (green) and OPP

(yellow).

(B) Ribbon view of COQ7’s NADH binding site and channel leading to the active site.
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(C) Structural elements that might participate in charge transfer from NADH to COQ?7.

(D) Details of NADH binding by conserved arginines and tyrosine. Corresponding residues
in yeast are in parentheses.
(E) NADH oxidation /n vitro assay showing activities of WT and RRYR/AAAA COQ7
mutant (mean + s.d., n=3).

Mol Cell. Author manuscript; available in PMC 2023 November 17.

° BY4742
v Acoq7 +R232A

Acoq7 +W228A

+ Acoq7 +WT
= o Acoq7 +R224A

Acoq7 +R54A

= Acoq7 +EV




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Manicki et al.

Page 34

(F) Effect of the RRYR/AAAA mutation as a function of NADH concentration. The graph
shows 30 min. time point extracted from data presented in Figure S9G, S9H (mean £ s.d., 7
=3).

(G) Growth Cog7 mutants. Cells start with fermentation and then switch to respiration(mean
+s.d., n=3). (*) corresponds to time point used for measurements in panels H,I.

(H) Expression level of the Coq7 yeast mutants.. Native Coq7 in BY4742 strain is below the
limit of detection.

(1) Coenzyme Qg (CoQg) level in Coq7 mutants. (mean + s.d., 7= 3, one-sided Student’s
ttest, *p<0.05, n.s. not significant).
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Figure 3. Structure of COQ7:C0OQ9 heterodimer in lipid environment.
(A) Snapshot of the COQ7:COQ9 heterodimer structure with visible lipids (light gray),

NADH (green) and OPP (yellow).

(B) Details of the COQ7:COQ?9 interaction interface.

(C) Native Page of the GB1-N438COQ7:His6-NI79COQ9W240K complex.

(D) Zoom on lipid molecules forming a lipid pseudo-bilayer.

(E) Zoom on the tilted lipid headgroups (orange and red).

(F) Zoom on lipid-binding substrate pocket in COQ9 surrounded by surface lipids. No
quinone density is detected around the substrate-binding COQ9’s W240 residue (magenta).
(G) LC-MS lipidomic analysis of OPP content in individually purified His6-GB1-
Nd38COQ7, His6-Nd79COQ9 or the full GB1-Nd38COQ7:His6-NI79COQ9 complex (mean
+s.d., n=2).
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Figure 4. Structure of the COQ7:COQ9 heterotetramer.
(A) Membrane view of one COQ7:COQ9 tetramer.

(B) Details of COQ7:COQ?9 interaction mediating tetramer’s formation. COQ9 P210 and

COQ7 S201 residues are labeled in bold and their corresponding residues in yeast are

provided in parentheses.

(C) Respiratory growth of Coq7 or Coq9 mutants. Cells start with fermentation and
then switch to respiration.(mean £ s.d., 7= 3). (*) corresponds to time point used for

measurements in panel D,E.

Page 36

CoQ6 level [nA/min]

(D) Coenzyme Qg level in Cog7 or Coq9 mutant (mean + s.d., 7= 3, one-sided Student’s

ttest, *p<0.05, n.s. not significant).
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(E) Expression level of the Coq7 or Coq9 yeast mutants (TEF promoter Native Coq7 in
BY4742 strain is below the limit of detection.
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Figure 5. MD simulations of the COQ7:COQ9 tetramer at the membrane.
(A) Membrane binding and deformation observed in the atomistic MD simulations. The

graph describes the number of non-hydrogen atom-atom contacts within 5 A cutoff between
COQ7 or COQ9 and the carbon tails of the lipids over time.

(B) Shot of the protein-membrane complex observed after 1.6 pus of simulation. Phosphate
groups representing lipid headgroups are displayed as red spheres. Other atoms are
displayed as sticks. COQ?7 (tan) and COQ9 (blue) are visible as surfaces.
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(C) Map of the deformation of the bottom membrane leaflet induced by the proteins binding
to it.

(D) Snapshots from molecular dynamics simulation at 450 K showing release of CoQ1q
from COQ?7 (tan) towards COQ?9 (blue) by gating through W115 and A210 (magenta).

(E) Overlaid positions of the gating W115 and A210 residues from COQ7 conformations
visible in panel D.

(F) R.M.S.D. of the CoQqq head group as a proxy for its displacement out of the active site.
(G) Time plot showing the distance between the Ca atoms of W115 and A210.

(H) Time plot showing the sidechain torsion angle of W115.

(1) Coenzyme Qg (CoQg) level in Coq7 mutants (mean £ s.d., 7= 3, one-sided Student’s
Etest, *p<0.05, n.s. not significant).

(J) Growth of Coq7 mutants. Cells start with fermentation and then switch to respiration
(mean £ s.d., 7= 3).(*) corresponds to time point used for measurements in panels I,J,L.
(K) DMQg level in Coq7 mutants. (mean + s.d., 7= 3, one-sided Student’s #test, *p<0.05,
n.s. not significant).

(L) Expression level of the Coq7 yeast mutants. Native Coq7 in BY4742 strain is below the
limit of detection.
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Figure 6. Two COQ7:COQ?9 tetramers form an octamer.(
A) Structure of the octamer with visible bound lipids (white), NADH (green) and OPP

(yellow).

(B) Hydrophobic interior of the octamer displayed as electrostatic surface of one of the
COQ7:C0OQ9 tetramers. Stabilizing lipids (white), NADH (green) and OPP (yellow) shown.
(C) SDS-PAGE analysis of protein stability upon delipidation of the GB1-Nd38COQ7:His6-
Nd79COQ9 with BioBeads; Ty — soluble fraction before delipidation, Tg BioBeads —
protein bound to beads after 60 min. incubation, Tgq delipidated — soluble fraction after
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60 min. delipidation, Tgg not delipidated — soluble fraction after 60 min. incubation without
BioBeads.

(D) Native PAGE analysis of the GB1-N438C0Q7:His6-N979COQ9 complex after 1h .
delipidation.

(E) DSF analysis of melting temperatures of individually purified His6-N438C0OQ7, His6-
Nd79C0OQ9, their mix and the GB1-NI38COQ7:His6-N179COQ9 complex.

Mol Cell. Author manuscript; available in PMC 2023 November 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Manicki et al.

Table 1.

Cryo-EM data collection, refinement, and validation statistics.

Page 42

NADH-bound COQ7:COQ9 complex
(EMD-25413) (PDB 7SSS)

COQ7:COQ9 complex only (EMD-25412)
(PDB 7SSP)

Data collection and processing

Microscope FEI Titan Krios FEI Talos Arctica
Camera Gatan K3 Summit Gatan K3 Summit
Magnification 105,000x 36,000x
\Woltage (kV) 300 200
Electron exposure (e7/A2) 65 58.8
Defocus (um) -0.3t0-1.2 -0.5t0-1.5
Pixel size (A) 0.833 1.14
Symmetry imposed D2 D2
Micrographs (no.) 10,088 1,395
Initial particle images (no.) 2,709,398 574,760
Final particle images (no.) 372,917 61,526
Map resolution (A) 2.4 35

FSC threshold 0.143 0.143
Map resolution range (A) 2.2106.7 3.41t05.9

Refinement

Initial model used (PDB code)

COQY (de novo) — COQ9 (6AWL)

COQY7 (de novo) — COQ9 (6AWL)

Model resolution (A) 2.4 35
FSC threshold 0.143 0.143
Map sharpening B factor (A2) -95.99 -156.07
Model composition
Nonhydrogen atoms 12,190 10,930
Protein residues 1,416 1,376
Ligands 4
Lipids 32
Cofactor 2
Water 170
B factors (A2)
Protein 25.11 22.16
Ligands 43.18
Water 30.84
R.m.s. deviations
Bond lengths (A) 0.004 0.004
Bond angles (A) 0.449 0.611

Validation
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NADH-bound COQ7:COQ9 complex COQ7:COQ9 complex only (EMD-25412)
(EMD-25413) (PDB 7SSS) (PDB 7SSP)

MolProbity score 1.27 1.67
Clashscore 4.01 4.52
Poor rotamers (%) 0.0 0.0
Ramachandran plot

Favored (%) 97.63 93.15

Allowed (%) 2.37 6.85

Disallowed (%) 0.0 0.0
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