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Abstract

Small molecule tools have enabled mechanistic investigations and therapeutic targeting of the
protein kinase-like (PKL) superfamily. However, such tools are still lacking for many PKL
members, including the highly conserved and disease-related UbiB family. Here, we sought to
develop and characterize an inhibitor for the archetypal UbiB member, COQ8, whose function

is essential for coenzyme Q (CoQ) biosynthesis. Guided by crystallography, activity assays, and
cellular CoQ measurements, we repurposed the 4-anilinoquinoline scaffold to selectively inhibit
human COQ8A in cells. Our chemical tool promises to lend mechanistic insights into the activities
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of these widespread and understudied proteins and to offer potential therapeutic strategies for
human diseases connected to their dysfunction.

Introduction

The protein kinase-like (PKL) superfamily is an expansive set of more than 500 human
proteins that perform critical roles in numerous biological processes?. Our understanding
of these roles has been greatly advanced by the development of molecular tools capable of
manipulating PKL activity2. Small molecule inhibition of PKL members has also emerged
as a remarkably effective therapeutic strategy, with more than 70 new drugs approved in the
past 20 years3#. However, such tools and drugs are still lacking for many PKL members.
Approximately 150 human PKL members are still considered to be understudied, including
a large number of atypical kinases and pseudokinases®®. Efforts to expand the repertoire
of molecular tools for these proteins promise to further accelerate our understanding of
their diverse functionality and expand the possibilities of manipulating their activities for
therapeutic gain.

The UbiB proteins are a subset of atypical and understudied PKL family members.

These proteins are conserved throughout all domains of life” and, in eukaryotes, are

found in cellular compartments responsible for the synthesis and distribution of prenylated
metabolites®2. The most well-studied UbiB members are the Saccharomyces cerevisiae
protein Cog8p and its corresponding human homologs, COQ8A and COQ8B (collectively
referred to here as COQ8). COQ8A and COQ8B each have well established connections

to human disease, with inactivating mutations resulting in autosomal recessive cerebellar
ataxia 21011 and steroid-resistant nephrotic syndromel2, respectively. Early investigations
identified COQS8 proteins as auxiliary factors required for the biosynthesis of coenzyme Q
(CoQ)¥314 a redox-active prenyl lipid essential for biological processes including cellular
respiration, pyrimidine biosynthesis, and cellular antioxidationl®. COQ8 was initially
proposed to be a protein kinase based on sequence homology, but structure/function studies
of COQB8A revealed conserved features poised to prevent canonical protein kinase activity2.
Instead, COQ8 may use its ATPase activity to maintain the integrity of a CoQ biosynthetic
complex and to access hydrophobic CoQ intermediates embedded in the mitochondrial
inner membranel’; however, this model requires further validation. Similar to other PKL
members, the development of new molecular tools to manipulate COQ8 function could help
elucidate its precise molecular function and establish it as a therapeutic target for human
disease.

Previous efforts have set a foundation for the development of small molecular modulators of
COQ818.19 We recently developed a covalent inhibitor against an engineered yeast Coq8p
double mutant (M303C, V202C), but which lacked efficacy against the WT proteinl’. To
our knowledge, no activators or inhibitors of WT COQ8 proteins have been validated in

a biological context. Here, to address this limitation, we repurposed the 4-anilinoguinoline
scaffold to create a custom endogenous inhibitor of COQ8A. This work expands the PKL
small-molecule toolkit and offers resources to investigate the understudied UbiB family and
its connection to human disease.
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Results
4-Anilinoquin(az)olines bind and inhibit COQS8A in vitro

Functional investigations of COQ8 have been hindered by the lack of established inhibitors.
To identify lead inhibitor compounds, we searched published kinase screening data

and found COQB8A as a promising secondary target for 4-anilinoquinolines8:20.21 To
further explore this scaffold, we tested the ability of a focused array of 35 distinct 4-
anilinoquin(az)oline compounds to bind COQ8A by using differential scanning fluorimetry
(DSF) (Fig. 1a, 1b). Twenty-five of these compounds increased COQ8A melting temperature
significantly more than our weak-binding control, erlotinib. The strongest stabilizers
featured methoxy groups on the aniline ring at the para- and both meta positions and
electronegative atoms at positions 6 or 7, suggesting important molecular features for
COQB8A binding. We further tested the top eight compounds in an /in vitro COQ8A

ATPase activity assay in the presence of 2-PP and Triton X-100, compounds we previously
found to enhance COQB8A activityl”:19 (Fig. 1c, Extended Data Fig. 1a). All tested
compounds inhibited COQ8ANAZ0 (which includes the full PKL domain and lacks only
the mitochondrial targeting sequence and single-pass transmembrane domain)28 with 1Csq
values ranging from 0.47 to 1.7 uM. By DSF, these compounds possess Ky 45, Values
ranging from 7.6 to 27 pM (Fig. 1d, Extended Data Fig. 1b).

To test the ability of these compounds to engage COQ8A and COQ8B in live HEK293
cells, we developed a bioluminescence resonance energy transfer (BRET) assay based on
the NanoLuc luciferase technology?2. The NanoBRET target engagement assay includes
COQB8A or COQ8B fused to an N-terminal NanoLuc and a COQ8 BRET probe (formerly
Transfer Probe 2)23. In the absence of inhibitor the COQ8 BRET probe and fusion protein
generated a detectable BRET signal. Competitive displacement of the COQ8 BRET probe
from the ATP binding site by our inhibitor series resulted in a dose-dependent loss of BRET
signal from which we determined ICgq values (Fig. 1e). With the caveat that N-terminal
tagging likely prevents COQ8 mitochondrial localization, 4-anilinoquinolines showed a clear
preference for COQ8A over COQ8B, and UNC-CA157 (1) showed the lowest I1Csq against
COQB8A at 580 nM. From these data, we selected UNC-CA157 as the most promising lead
candidate for further development.

UNC-CA157 slightly inhibits CoQ production in COQ8BKXO cells

We next established a system to test the efficacy of our inhibitor in human HAP1 cells.

In humans, COQ8A and COQ8B are paralogs that likely possess redundant functions

in the CoQ biosynthesis pathway and that exhibit some tissue specificity2:2425_|n a
recent study?5, we determined that both paralogs are active in HAP1 cells, and that
COQ8B is the more dominant version whose disruption causes the accumulation of the
early CoQ precursor, polyprenyl hydroxybenzoate (PPHB 1) (Fig. 2a). We performed
mass spectrometry measurements and confirmed that the COQ8AXC HAP1 cells had no
significant change in cellular CoQ1g levels, whereas the COQ8BXC cells had slight CoQ1g
loss (Fig. 2b). Importantly, the double knockout line (COQ8A/BPKO) exhibited marked loss
of CoQ19, demonstrating that each paralog can largely support the pathway in the absence
of the other. The concomitant buildup of PPHB  followed the same phenotypic pattern,

Nat Chem Biol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Murray et al.

Page 4

with the largest increase seen in the COQ8A/BPXO cells (Fig. 2c). We further measured
the impact of our COQ8 protein knockouts on cellular respiration by using Seahorse
respirometry and again found that disrupting both COQ8 paralogs produced the strongest
effect on basal and uncoupled oxygen consumption rates (OCR) (Fig. 2d). Together, these
data demonstrate that both COQ8A and COQ8B are active in HAP1 cells, with COQ8B
serving as the predominant paralog, thereby presenting a system to test the efficacy and
specificity of our inhibitor.

To begin, we measured the impact of UNC-CA157 on de novo CoQ production. We

treated WT, COQ8AKO, COQ8BKC, and COQ8A/BPKC HAP1 cells with either 20 pM
UNC-CA157 or matched DMSO and monitored the incorporation of the CoQ precursor
13C4-4-hydroxybenzoate (13Cg-4-HB) into CoQ biosynthesis via liquid chromatography-
mass spectrometry (LC-MS) (Extended Data Fig. 2a). Incorporation of the labeled 4-HB
precursor followed the same phenotypic pattern observed in our cellular CoQ measurements,
with single COQ8 knockouts showing decreased 13C4-CoQ1, and a further depletion

when both paralogs were disrupted (Fig. 2e). Treatment with UNC-CA157 resulted in a
significant decrease in 13Cg-CoQ production only in the COQ8BXC, where cells are
solely reliant on the COQB8A paralog for CoQ biosynthesis. No increase in 13Cg-PPHB; or
unlabeled PPHB1g was seen, suggestive of a relatively weak inhibition (Extended Data Fig.
2b,c). Unsurprisingly, this short incubation with UNC-CA157 had no effect on unlabeled
CoQqg levels, given the long half-life of CoQ1g (Extended Data Fig. 2d). This directly
demonstrated COQB8A inhibition in a biological context and set the foundation for further
probe development around this scaffold.

UNC-CA157 is a type | kinase inhibitor

To further investigate the inhibitor-protein interaction, we purified COQ8ANAZ54,
crystallized it in the presence of UNC-CA157, and solved two inhibitor-bound crystal
structures (PDB=7UDP and 7UDQ) (Fig. 3a). The structures revealed that UNC-CA157

is a type | kinase inhibitor that binds to the COQ8A ATP pocket with the aC helix

in the ‘in’ conformation and the DFG motif in an ‘intermediate’ conformation (Fig.

3b). Superimposing the UNC-CA157-bound structure with our previous nucleotide-bound
structure (PDB=5135)11 reveals that the quinoline ring from UNC-CA157 overlays with
the adenosine ring from AMP-PNP (Fig. 3c). Additionally, the two ligands share common
hydrogen bonding and hydrophobic interaction partners (Extended Data Fig. 3a—d), further
suggesting direct competition with ATP as the mechanism of inhibition. The UNC-CA157-
bound structures largely mimic the nucleotide-bound state of COQ8A, resulting in similar
modifications to the KxGQ domain—the unique and invariant domain of the UbiB family—
when compared to the apo form11.

COQ8A and COQ8B exhibit high sequence similarity; however, the kinase screening data
from Asquith et al.2% and our cellular data above indicate that UNC-CA157 possesses
specificity for COQ8A. To investigate what enables this specificity, we mutated select
COQBANA250 aetive site residues that are in close proximity to UNC-CA157 in our
crystal structures and purified the corresponding protein (Extended Data Fig. 3e). These
mutations yielded variable effects, with some leading to slightly enhanced stabilization by
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UNC-CA157 and three causing near complete loss of stabilization as assessed by DSF
(Extended Data Fig. 3f). Among these three, the F495A mutant stood out as particularly
noteworthy given that this residue is not conserved among the human and yeast UbiB
proteins, with all but COQ8A having leucine at this position (Extended Data Fig. 3g, 3h).
We further tested this residue by purifying human COQ8ANA250 WT and F495L (converting
phenylalanine to the typical residue found at this position within the family), along with

S. cerevisiae Cog8pNA41 WT and L353F (introducing a phenylalanine into a homolog that
lacks it). Substitution of this phenylalanine in the human protein again diminished binding
and, notably, introduction of this residue into the yeast protein more than doubled inhibitor-
induced thermal stability (Extended Data Fig. 3i). Additionally, we tested UNC-CA157
inhibition of human WT and F495L COQ8ANAZ50 ATPase activity and observed a greater
than 10-fold increase in 1Csq for the F495L mutant (Extended Data Fig. 3j). Overall, these
results identify a COQ8A-specific phenylalanine required for UNC-CA157 potency.

TPP-UNC-CA157 inhibits CoQ biosynthesis in cells

A further motivation for crystallizing UNC-CA157-bound COQB8A was to inform medicinal
chemistry efforts toward improving inhibitor efficacy. COQ8A is the only known PKL
protein that both resides in mitochondria and binds to 4-anilinoquin(az)olines2°. Therefore,
targeting UNC-CA157 to the mitochondrial matrix is a reasonable strategy to improve

our compound specificity. The most common strategy for targeting a molecule to the
mitochondrial matrix is to amend it with a lipophilic cation, such as triphenylphosphonium
(TPP)27. Based on membrane potential and cellular conditions, greater than 1000-fold
enrichments in mitochondria can be achieved using this strategy28. Our structure reveals
that the cyano group of UNC-CA157 is positioned in the solvent-exposed portion of the
ATP binding site and is, therefore, well positioned for further modification (Fig. 3d). We
derivatized UNC-CA157 by replacing the cyano group with a carboxylate ester followed by
a 9-carbon linker and TPP (Fig. 3e)2°. This compound, TPP-UNC-CA157 (2), also inhibited
COQB8ANAZ0 ATPase activity Jin vitro, albeit with a lower potency than UNC-CA157

alone (Fig. 3f). Despite this, we reasoned that the enrichment of this compound in the
matrix should overcome the decreased potency and simultaneously improve its specificity by
increasing its local cellular concentration.

Treatment of HAP1 cells with TPP-UNC-CA157 resulted in a robust reduction in de novo
CoQ production, with significant decreases observed in WT, COQ8AKO, and COQ8B<C
cell lines (Fig. 3g). TPP-UNC-CA157 treatment also led to a reciprocal increase in 13Cg-
PPHB g levels, confirming specific disruption of the headgroup modification portion of
the CoQ biosynthetic pathway (Fig. 3g). This compound likewise appears to be more
efficacious against COQ8A than COQ8B, with the strongest phenotype observed in the
COQ8BO cells. We again observed no changes in unlabeled CoQ but, owing to the
low endogenous levels, a buildup of unlabeled PPHB1g was observed (Extended Data Fig.
4a). To determine the potency of our newfound inhibitor, we treated WT HAP1 cells

with various concentrations of TPP-UNC-CA157 and were able to abolish completely de
novo CoQ production in a dose-dependent manner (Fig. 3h). Both UNC-CA157 and an
alkyl-TPP control showed lower efficacy compared to TPP-UNC-CA157 (Extended Data
Fig. 4b—d). This compound is immediately useful as a tool for interrogating the CoQ
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biosynthesis pathway and, more broadly, demonstrates the promise of leveraging organellar
targeting moieties for selective inhibition of mitochondrial processes. Nonetheless, owing

to observed toxicity of TPP-UNC-CA157 at low pM concentrations, similar to that of
alkyl-TPP alone30:31 further modifications will be needed before exploring the utility of this
compound in higher organisms (Extended Data Fig. 4e).

Specificity of TPP-UNC-CA157 Across the Kinome

To determine the specificity of our inhibitor, we assessed the kinome profiles for UNC-
CA157 and TPP-UNC-CA157 using a multiplexed kinase inhibitor bead set and quantitative
mass spectrometry (MIBS-MS) (Fig. 4a)32-35. The MIBS-MS analysis captured 234 kinases
from cell lysate. From among these, interactors were determined by the extent to which
either UNC-CA157 or TPP-UNC-CA157 at 1 pM competitively displaced kinases from

the beads. Both UNC-CA157 and TPP-UNC-CA157 showed narrow spectrum profiles
across the kinome demonstrating that these compounds are relatively specific. COQ8A and
COQ8B were not detected in this experiment. Potential off-targets that were detected in the
MIBS-MS experiment include the cytosolic kinases GAK, RIPK2, and NLK, all of which
have previously been shown to bind the 4-anilinoquinoline scaffolg20:33-36,

Based on the MIBS-MS profiles, UNC-CA157 is more promiscuous in cell lysate than TPP-
UNC-CA157. Additionally, mitochondrial targeting by TPP in intact cells should further
alleviate cytosolic off-target effects. To validate this, we performed NanoBRET target
engagement assays with UNC-CA157 and TPP-UNC-CA157 for COQ8A, COQ8B, and
cytosolic kinases that were displaced in our MIBS-MS data (ACVR1, GAK, NLK, RIPK?2)
or that were previously shown to bind this scaffold (PKN3)3%. COQ8B, ACVR1, and PKN3
all showed relatively weak affinity for our inhibitors in this experiment. Target engagement
potency decreased for GAK, NLK, and RIPK2 upon addition of TPP, demonstrating that
mitochondrial targeting alleviates cytosolic off-target effects (Fig. 4b). Decreased target
engagement was also observed for NanoLuc-COQ8A with the addition of TPP, likely due to
mislocalization of the protein to the cytosol by the addition of the N-terminal tag.

Discussion

In this work, we characterized a series of COQ8A inhibitors /n vitro, solved inhibitor-bound
crystal structures, specifically targeted our lead candidate to mitochondria, and demonstrated
inhibition of endogenous COQ8 function in a biological context. This work sets a
foundation for further chemical probe development against COQ8 proteins and the poorly
characterized UbiB protein family at large. Small molecule tools have been instrumental

in the biological characterization of PKL family members?37. Development of specific
inhibitors has informed kinase-mediated signaling and resulted in numerous therapeutically
relevant molecules3. Kinase inhibition often does not phenocopy genetic knockouts, which
has also enabled interrogation of protein functions independent of canonical phosphorylation
or ATP binding®. Given the atypical nature of UbiB proteins and a lack of direct evidence
for trans phosphorylation, development of chemical tools to modulate their activity in cells
is sure to aid in elucidating their precise biological functions.
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Although cells rely on CoQ biosynthesis for respiration and other metabolic processes?,
there are potential benefits to inhibitionl8. Limitations to CoQ production through genetic

or dietary intervention increase lifespan in C. elegans3® and mice3°. CoQ is also used

by the oxidoreductase FSP1 to help inhibit iron-mediated cell death in cancer0:41,
suggesting that cell-specific suppression of CoQ biosynthesis may be an effective anti-
cancer strategy. Furthermore, some established disease-related COQ8A mutations are likely
to be gain-of-function variants!0, suggesting that COQ8A inhibition could be therapeutically
beneficial in select contexts. Last, there is still much to be learned about how the CoQ
biosynthetic proteins interact and function, and specific inhibitory tools could aid in

these investigations. Other inhibitors against CoQ biosynthesis were developed previously,
including 4-nitrobenzoate (an inhibitor of COQ2)#2, clioquinol (an inhibitor of COQ7)%3,
pyrazole derivatives (inhibitors of COQ7)*4, oxazinoquinoline derivatives (inhibitors of
COQ7 in Trypanosoma cruzi)*®, and the osteoporosis drug zoledronic acid*6. However,
previously identified inhibitors are administered on the timescale of days, whereas TPP-
UNC-CA157 presents a unique opportunity to perturb CoQ biosynthesis acutely and rapidly.
This molecule has immediate use as a research tool to investigate the pathway, but toxicity
issues at concentrations that are efficacious will need to be overcome before moving towards
clinical application.

Our combined biochemical, genetic, and cellular data suggest that TPP-UNC-CA157 has
high specificity. However, we have not yet established a drug-resistant COQ8 mutant.
Given that UNC-CA157 and ATP share a binding pocket and many hydrogen bonding

and hydrophobic interaction partners, generating this mutant will be difficult to do without
negatively impacting the endogenous protein function. However, such a mutant may prove
critical for ascribing new functionality to COQ8, and drug-resistant mutants have been
generated for other members of the PKL family4’. Our previously developed inhibitor
against a genetically modified Coqg8p (V202C, M303C) in S. cerevisiae has the benefit

of lacking efficacy against the WT Coq8p protein, clearly demonstrating specificity. This
specific inhibitor against a mutant yeast protein and the relatively specific inhibitor against
the endogenous human homolog developed here form a useful set of initial tools for further
investigating this protein family.

In this work, we utilized a triphenylphosphonium moiety to target our small molecule
inhibitor specifically to the mitochondrial matrix. This is a well-established strategy for
mitochondrial targeting, most prominently for the mitochondrial antioxidant MitoQ*8, Given
the role of mitochondria as central hubs of metabolism, specific organellar targeting offers

a wide range of potential applications to modulate cellular function. However, there is

a growing awareness for the toxicity of TPP compounds30:31, Negative impacts of TPP
compounds on bioenergetics were reported in the low pM range, including for MitoQ3L.
Efforts are underway to decrease this toxicity, including by developing modified lipophilic
cations*?, which could inform future efforts to improve our TPP-UNC-CA157 inhibitor.

UbiB proteins are found in all organisms and have established associations with prenyl
lipid biology. In eukaryotes, the COQ8 proteins are likely ATPases required for CoQ
biosynthesis; however, specifics regarding how this activity is coupled to CoQ production
remain unknown’. More recently, the yeast intermembrane space UbiB proteins were
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connected to CoQ distribution throughout the cell, but their precise mechanism of action
also remains to be determined®C. Here, we demonstrate direct inhibition of an endogenous
UbiB protein, expanding the molecular toolkit for the PKL superfamily and providing
resources for establishing how auxiliary proteins assist the biosynthesis of CoQ. Beyond
COQ8, we anticipate that these chemical tools will form the basis for selecting an even
larger set of molecules that will enable mechanistic studies into the functions of the
widespread UbiB protein family.

COQ8ANA250 General Expression and Purification

The general purification method has been documented previously'8. COQ8ANA250
constructs were overexpressed in £. coliby autoinduction. Cells were isolated and frozen

at —80 °C until further use. For protein purification, cells were thawed and resuspended

in Lysis Buffer [20 mM HEPES (pH 7.2), 300 mM NaCl, 10% glycerol, 5 mM 2-
mercaptoethanol (BME), 0.25 mM phenylmethylsulfonyl fluoride (PMSF)] (4 °C). The cells
were lysed by sonication (4 °C, 75% amplitude, 20 s x 2). The lysate was clarified by
centrifugation (15,000 g, 30 min, 4 °C). The cleared lysate was mixed with cobalt IMAC
resin (Talon resin) and incubated (4 °C, 1 h). The resin was pelleted by centrifugation

(700 g, 2 min, 4 °C) and washed four times with Wash Buffer [20 mM HEPES (pH

7.2), 300 mM NacCl, 10% glycerol, 5 mM BME, 0.25 mM PMSF, 10 mM imidazole].
His-tagged protein was eluted with Elution Buffer [20 mM HEPES (pH 7.2), 300 mM
NaCl, 10% glycerol, 5 mM BME, 100 mM imidazole]. The eluted protein was concentrated
with a MW-cutoff spin filter (50 kDa MWCO) and exchanged into Storage Buffer [20

mM HEPES (pH 7.2), 300 mM NaCl, 10% glycerol, 5 mM BME]. The concentration of
8His-MBP-[TEV]-COQ8ANAZ250 a5 determined by its absorbance at 280 nm (e = 96,720
M~lem=1)(MW=89.9 kDa). The fusion protein was incubated with A238TEV protease
(1:50, TEV:fusion protein, mass:mass)(1 h, RT). The TEV protease reaction mixture was
mixed with cobalt IMAC resin (Talon resin) and incubated (4 °C, 1 h). The resin was
pelleted by centrifugation (700 g, 2 min, 4 °C). The unbound COQB8A was collected and
concentrated with a MW-cutoff spin filter (30 kDa MWCOQO) and exchanged into storage
buffer. The concentration of COQ8ANA250 was determined by Bio-Rad Protein Assay
according to manufacturer protocol. The protein was aliquoted, frozen in N ), and stored
at —80 °C. Fractions from the protein preparation were analyzed by SDS-PAGE and imaged
using a LI-COR Odyessey CLx with the Image Studio v5.2 software. Cog8pNA41 and
mutants were also purified using this general method.

General 4-Anilinoquin(az)oline Synthesis

4-Chloroquin(az)oline derivative (150 mg, 0.67 mmol) and aniline (0.74 mmol) were
suspended in ethanol (10 mL) and heated to reflux for 16 h. The crude mixture was
purified by flash chromatography using EtOAc/hexane followed by 1-5% methanol in
EtOAc (or by re-crystallization). After solvent removal under reduced pressure, the product
was obtained. All compounds were >98% pure by 1H/13C NMR and LC-MS and melting
points were consistent with previous reports. All compounds in the initial DSF screen
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have been previously described?0:33:34.36.51.52 Fy|| structures for all compounds in the DSF
screen can be found in the supplemental information.

Differential Scanning Fluorimetry

The general DSF method has been documented previouslyl’. For screening 4-
anilinoquin(az)olines 20 pL reactions containing 10 uM COQ8ANA250 100 uM inhibitor
from 10 mM stock in DMSO, 5 mM MgCl,, 50 mM HEPES pH 7.5, 75 mM NaCl, and 4x
Sypro Orange dye (Thermo S6651) were made in MicroAmp Optical 96-well reaction plates
(Thermo N8010560), centrifuged (200 g, RT, 30 sec) and incubated at room temperature

in the dark for 10 min. Fluorescence was then monitored with the ROX filter using a
QuantStudio 6 Real-Time PCR system (QuantStudio Real-Time pCR v1.2 software) along a
temperature gradient from 4-95 °C at a rate of 0.025 °C/s. Protein Thermal Shift software
v1.3 (Applied Biosystems) was used to determine T,y values by fitting to a Boltzmann
model. Melt curves flagged by the software were manually inspected. Two data points

were omitted after inspection (UNC-CA331, UNC-CA310) resulting in only duplicate
measurements reported for those compounds. Each inhibitor was run in triplicate and error
bars represent SD. AT, values were determined by subtracting the average of matched
vehicle controls from the same plate. UNC-CA157 binding to COQ8ANAZ50 and Coq8pNA4L
WT and active site mutants were also analyzed using this method.

To determine the inhibitor Ky, 20 ML reactions contained 1 M COQ8ANA250, 0200
UM inhibitor with a final concentration of 296 DMSO, 4 mM MgCl,, 100 mM HEPES
pH 7.5, 150 mM NacCl, and 4x Sypro Orange dye. Samples were run and analyzed as
described above. ATy, values were plotted against [inhibitor] in GraphPad Prism Version
8.4.3 and fit to nonlinear regression (one site specific binding) to determine K 4, values.
The experiments were performed in triplicate and error bars represent SD. Error values in
K app Values represent 95% confidence intervals.

ATPase Assay

ATPase assays for COQ8ANA250 were performed essentially as described in Reidenbach

et all”. The reaction was initiated by adding a mixture of ATP (Promega VV703), 2-
propylphenol (Sigma W352209), Triton X-100 (Sigma T9284), and indicated inhibitors
from stocks in DMSO (Sigma D2650) in Reaction Buffer [L00 mM HEPES pH 7.5, 4

mM MgCl,, 150 mM NaCl] to purified COQ8ANA250 alsg in reaction buffer. Final reaction
conditions were 100 uM ATP, 1 mM 2-PP, 0.5 pM COQ8ANA250 1 mM Triton X-100,

and 0-50 pM indicated inhibitor with equivalent DMSO vehicle. The final reaction volume
was 15 pL. Reactions were performed in clear 384 well plates (Fisher 12565506). Once
the reactions were started and mixed, plates were sealed and incubated at 30°C for 45

min. Reactions were then quenched with 35 pL of Cytophos™ reagent (Cytoskeleton,

Inc. BK054), incubated at RT for 10 min, and absorbance was read at 650 nm in a

Biotek Cytation 3 plate reader with the Gen5 v3.02.2 software. Absorbance was converted
to concentration of inorganic phosphate with a 0-50 pM standard curve run in parallel
using the phosphate standard provided in the Cytophos™ Kit diluted in reaction buffer.
Experiments were performed in triplicate and error bars on the graph represent SD. To
determine ICsq values the data were plotted in GraphPad Prism Version 8.4.3 and fit to
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a nonlinear regression ([inhibitor] vs. response, variable slope, four parameters). Indicated
error in 1Csq values represents 95% confidence intervals.

Cell Transfections and BRET Measurements

For cellular BRET measurements, N- or C-terminal NanoLuc/Kinase fusions were encoded
in pFN31K expression vectors (Promega), including flexible Gly-Ser-Ser-Gly linkers
between Nluc and each full-length kinase. For COQ8A and COQ8B open reading frames
both corresponded to UNIPROT Isoform 1 (Q8NI60 and Q96D53, respectively). The
N-terminal fusions to NanoLuc to COQ8A and COQ8B were found to be optimal for

BRET and used for assay development and compound potency testing. For all other cellular
kinase TE assays, the fusion vectors were obtained from Promega. HEK-293 cells were
transfected with NanoLuc fusion constructs using FUGENE HD (Promega) according to the
manufacturer’s protocol. Briefly, fusion constructs were diluted together into Transfection
Carrier DNA (Promega) at a mass ratio of 1:9 (mass/mass/mass) in Opti-MEM (Gibco),
after which FUGENE HD was added at a ratio of 1:3 (ug DNA: uL FUGENE HD). For
example, for a 1 mL size transfection complex, 1ug of the NanoLuc fusion DNAs was
combined with 9ug Transfection Carrier DNA in 1 mL of Opti-MEM. 1 part (vol) of
FUGENE HD complexes thus formed were combined with 20 parts (vol) of HEK-293

cells suspended at a density of 2 x 10° per mL in Opti-MEM containing 1% (v/v) FBS.
Briefly, transfected cell suspensions were seeded at 100 pL per well (20,000 cells/well) into
white tissue culture-treated assay plates (Corning CAT# 3917) followed by incubation in a
humidified, 37 °C/5% CO-, incubator for 18—24 h. The total concentrations for NanoLuc®
fusion plasmids were 5 ng/well, and the total concentration of DNA was 50 ng/well.

All chemical inhibitors were prepared as concentrated stock solutions in DMSO (Sigma-
Aldrich) and diluted in Opti-MEM (unless otherwise noted) to prepare working stocks. Cells
were equilibrated with BRET probe and test compound prior to BRET measurements, with
an equilibration time of 2 h unless otherwise noted. BRET probes were prepared first at a
stock concentration of 100X in DMSO, after which the 100X stock was diluted to a working
concentration of 20X in BRET probe dilution buffer (12.5 mM HEPES, 31.25% PEG-400,
pH 7.5). For COQ8 BRET probe dose response measurements, the COQ8 BRET probe
(formerly Transfer Probe 2)23 was added to the cells in an 8 point, 2-fold dilution series
starting at a final concentration of 1 uM. For target engagement analysis of COQ8A and
COQ8B, the COQ8 BRET probe was added to the cells at a final concentration of 1 uM for
COQ8A and 0.25 uM for COQ8B. For all other kinases, BRET probes (tracers) were added
according to the manufacturer’s recommendations (GAK, Tracer K-10, 0.031 pM; RIPK2,
Tracer K-4, 0.13 uM; NLK, Tracer K-10, 0.5 pM; ACVR1, Tracer K-11, 0.078 uM; PKN3,
Tracer K-5, 2 uM). To measure BRET, NanoBRET Target Engagement Substrate (Promega)
and Extracellular NanoLuc Inhibitor (Promega) were added according to the manufacturer’s
recommended protocol, and filtered luminescence was measured on a GloMax Discover
luminometer equipped with 450 nm BP filter (donor) and 600 nm LP filter (acceptor), using
0.5 s integration time. Raw BRET ratios were calculated by dividing the acceptor counts by
the donor counts. Milli-BRET units (mBU) were calculated by multiplying the raw BRET
values by 1000.
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Apparent BRET probe affinity values (ECsg) were determined using the sigmoidal dose-
response (variable slope) equation available in GraphPad Prism (Equation 1);

Y = Bottom + (Top — Bottom )/( 1 + 10"\ ((logEC50 — X) * HillSlope )).

For determination of test compound potency, competitive displacement data were plotted
with GraphPad Prism software and data were fit to Equation 1 to determine the ICsq value.

HAP1 Cell Growth and Lipid Extraction

WT, COQ8AKO, cOQ8BC, and COQ8A/BPKO HAP1 cells were obtained from Horizon
Discovery and previously validated2®. Three 10 cm plates were seeded with 1.4x10° cells
for each cell line in IMDM (Thermo 12440053) supplemented with 10% heat inactivated
FBS (HI FBS)(Atlanta Biologicals) and 100 U/mL Penicillin-Streptomycin (Pen/Strep)
(Thermo 15140122). Cells were grown at 37 °C, 5% CO, for three days to approximately
90% confluency. Each plate of cells was washed with 5 mL dPBS then isolated by
trypsinization. Cells were pelleted (173 g, 5 min, RT) and media was removed. Cells were
then resuspended in 5 mL media and counted using the Muse Count and Viability Assay
(Luminex). 1.2x107 viable cells were collected per sample and pelleted by centrifugation
(173 g, 5 min, RT). Media was removed and cells were resuspended in 5 mL dPBS. Cells
were pelleted again by centrifugation and dPBS was removed. Cell pellets were resuspended
in 600 pL cold methanol with 0.1 pM CoQg (Avanti Lipids 900151p-1mg) as the internal
standard. Suspended cells were transferred to screw cap tubes and vortexed for 10 min at 4
°C to lyse. 400 pL cold petroleum ether was added to each tube. Samples were vortexed for
3 min at 4 °C then centrifuged at 800 g, 3 min, RT to separate the layers. The top petroleum
ether layer was collected in a new tube and the extraction was repeated with an additional
400 pL petroleum ether. The two extractions were combined, and the ether was removed
under argon gas. Once dried, the lipids were resuspended in 100 pL methanol, transferred to
glass autosampler vials, and submitted for LC-MS lipid measurements.

Seahorse Mito Stress Test

WT, COQ8AKO, cOQ8B<C, and COQ8A/BPXC HAP1 cells were split, counted via Muse
Count and Viability Assay, and 40,000 viable cells per well were plated to a poly-D-lysine-
coated XF96 Seahorse plate. Cells were allowed to adhere to the plate overnight at 37 °C,
5% CO5 in IMDM supplemented with 10% heat inactivated FBS and 100 U/mL penicillin-
streptomycin. After 24 h, the medium was aspirated, cells were washed once with dPBS, and
medium was replaced with 180 uL Seahorse XF Base Medium (Agilent 102353-100), pH
7.4, supplemented with 25 mM glucose and 2 mM glutamine. The plate was then incubated
for 1 h at 37 °C in a non-CO, incubator. Oxygen-consumption rates (OCR) and extracellular
acidification rate were then monitored on a Seahorse XF96 Extracellular Flux Analyzer
basally, and in the presence of a Seahorse XF Mito Stress Test (Agilent 103015-100). For
the stress test, cells were treated with oligomycin (2 uM final concentration), FCCP (0.5 uM
final concentration), and rotenone and antimycin A (0.5 uM final concentration). After the
assay, cells were quantified by crystal violet staining as previously described?6. Cells were
fixed in 1% glutaraldehyde and incubated for 15 min. Cells were then washed by submersion
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in diH,0, air dried, and stained with 0.1% crystal violet for 20 min. Excess dye was
removed by washing with diH,0 and the plate was air dried. After release of the stain with
10% acetic acid, each well was read at an absorbance of 590 nm. OCR measurements for
each well were normalized to relative crystal violet absorbance. OCR measurements were
plotted and analyzed using GraphPad Prism Version 8.4.3 (n=11-12, error bars represent
SD).

COQ8ANAZ5 Crystallography

COQ8ANA254 \as expressed and purified as described for COQ8ANA250_ After the final
buffer exchange the protein was concentrated to less than 1 mL. The sample was centrifuged
(20,000 g, 10 min, 4°C) and the soluble portion was filtered through a 0.22 um filter. The
protein was further purified using a HiLoad 16/600 Superdex 75 pg gel filtration column
(GE) with an isocratic elution at 1 mL/min. The protein was exchanged into Crystallography
Buffer [50 mM NaCl, 5 mM HEPES pH 7.5, 0.3 mM TCEP] during the FPLC run.
Fractions were analyzed by SDS-PAGE. Pure fractions were pooled, concentrated with a
MW-cutoff spin filter (30 kDa MWCO), aliquoted, frozen in N (j), and stored at —80°C for
crystallization trials.

Crystallization screening and optimization was carried out in MRC SD2 plates using

a TTP Labtech Mosquito using 50 microliters of reservoir solution. Mixtures of 0.39
mM COQ8ANAZ54 and 0.5 mM UNC-CA157 was incubated for 30 minutes at ambient
temperature before crystallization setup.

Crystals were screened for optimum diffraction at sectors 21 and 23 of the Advanced
Photon Source. Data sets for refinement were collected at GM/CA@APS on 2019-12-12
using JBlulce-EPICS V2019-3%3 beamline control software. Data was reduced using
autoPROC V1.0.5(20190923)%* and XDS V202103225, The structures were solved by
molecular replacement using PDB 5135 in Phaser VV2.8.3%6. Geometric restraints for UNC-
CA157 were prepared with phenix.elbow®’. Structures were iteratively improved using
model building in Coot VV0.9%8 refinement in Phenix V1.20.1-4487°9, and sterochemical
validation in MOLPROBITY V4.02-528. Final models were prepared for deposition using
PDB_EXTRACT V3.27. SBGrid provided curated crystallographic software. Protein-ligand
interaction diagrams were generated using LigPlot+ V2.2.560,

7UDP—Optimal crystals were obtained by mixing 200 nL COQ8A-UNC-CA157 with 250
nL of 0.65 M sodium succinate and 0.1 M HEPES buffer, pH 8. Data was collected at 100K
on APS beamline 23ID-D with 1.0332 A X-rays, on a Dectris Pilatus3-6M detector at 350
mm sample-detector distance, 1800 frames, 0.2 degree per frame.

7UDQ—Optimal crystals were obtained by mixing 200 nL COQ8A-UNC-CA157 with 250
nL of 0.65 M sodium succinate, pH 7. Data was collected at 100K on APS beamline 231D-B
with 1.0331 A X-rays, using an Eiger 16M at 240 mm sample-detector distance, 1800
frames, 0.2 degree per frame.
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Site Directed Mutagenesis

The COQ8ANA250 cOQ8ANAZ and Cog8pNA4L in pVP68K vectors have been described
previously!1.16. Point mutations were introduced via PCR-based mutagenesis. Reactions
were Dpnl digested and transformed into DH5a competent £. coli cells. Plasmids were
isolated from transformants and Sanger sequencing was used to identify those harboring the
correct mutations. Oligonucleotides were purchased from IDT (Coralville, 1A, USA) and
sequences are included in the supporting information.

TPP-UNC-CA157 Synthesis

TPP-UNC-CA157 was synthesized in collaboration with the Washington University Center
for Drug Discovery. Detailed synthesis methods can be found in the Supplemental
Information. This general synthetic strategy for mitochondrial targeting has been described
previously2®.

De novo 13C-CoQ;( Production

This general strategy for tracking de novo CoQ production was used for yeast in Reidenbach
et all” and was optimized here for HAP1 cells. WT, COQ8AKO, COQ8BXC, and COQ8A/
BPKO HAP1 cells were split, counted via Muse Count and Viability Assay, seeded in 10

cm plates at 1.5x108 cells per plate in IMDM with HI FBS and Pen/Strep, and allowed to
grow at 37 °C, 5% CO, for 48 h. Cells were then rinsed with 5 mL dPBS, swapped into 10
mL DMEM (no glucose) (Thermo 11966025) supplemented with HI FBS, Pen/Strep, and 10
mM galactose, and grown again at 37 °C, 5% CO,. After 24 h cells were swapped into the
same media containing 10 uM 4-hydroxybenzoate-(phenyl-13Cg) (Sigma 587869) and either
indicated inhibitor or matched DMSO vehicle (Alkyl-TPP = Toronto Research Chemicals
C178905). Cells were incubated for 1 h at 37 °C, 5% CO». Cells were washed with dPBS
then isolated by trypsinization. Cells were counted via Muse Count and Viability Assay

and equivalent viable cells were collected in each experiment (UNC-CA157=2.92x10°
cells; TPP-UNC-CA157=7.91x106 cells; TPP-UNC-CA157 dose response=4.53x106 cells;
UNC-CA157 dose response=1.17x107 cells; Alkyl-TPP dose response=7.94x10° cells)

via centrifugation (300 g, 5 min). Cells were washed with dPBS then again isolated by
centrifugation (300 g, 5 min) and dPBS was removed. Cell pellets were frozen in N ()

and stored at =80 °C. On the day of analysis cell pellets were thawed on ice. Lipids were
extracted and dried under Ar(g as described above for untreated HAP1 cells. Dried lipids
were resuspended in an equivalent volume of methanol per experiment (UNC-CA157=60
pL; TPP-UNC-CA157=100 pL; TPP-UNC-CA157 dose response=60 pL; UNC-CA157 dose
response=100 uL; Alkyl-TPP dose response=100 uL), then submitted for LC-MS lipid
measurements.

LC-MS Lipid Measurements

A Vanquish Horizon UHPLC system (Thermo Scientific) coupled to an Exploris 240
Orbitrap mass spectrometer (Thermo Scientific) was used for LC-MS analysis. A Waters
Acquity CSH C4g column (100 mm x 2.1 mm, 1.7 um) was held at 35 °C with the flow rate
of 300 pL/min for the separation of the extracted lipids. A Vanquish binary pump system
was employed, and mobile phase A consisted of 5 mM ammonium acetate in ACN/H,0
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(70/30, viv) containing 125 pL/L acetic acid, while mobile phase B consisted of 5 mM
ammonium acetate in IPA/ACN (90/10, v/v) with the same additive. The gradient was set

as follows: B was held at 2% for 2 min and ramped up to 30% over the next 3 min,

before further increased to 50% within 1 min and to 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 injection of next sample. Samples were ionized by a heated ESI source with a
vaporizer temperature of 350°C. Sheath gas was set to 50 units, auxiliary gas was set to

8 units, sweep gas was set to 1 unit. The ion transfer tube temperature was kept at 325

°C with 70% RF lens. Spray voltage was set to 3,500 V for positive mode and 2,500 V

for negative mode. Each sample was injected twice to be analyzed in positive and negative
modes separately. Full MS scans were acquired at 120,000 resolution from m/z 200 to

1,700 with in-source Easy-IC enabled. Normalized AGC target was set to 100% with the
maximum ion injection time of 50 ms. Targeted quantitative analysis of CoQq, PPHB 1,
13C4-C0Q1, 13C4-PPHB g and internal standard CoQg was processed using TraceFinder 5.1
(Thermo Scientific) with the mass accuracy of 5 ppm. The result of peak integration was
manually examined. Peak areas were normalized to the CoQyg internal standard. Experiments
were performed in triplicate and error bars represent SD.

HAP1 Growth Assay

MIBS-MS

WT HAP1 cells were split and counted via Muse Count and Viability Assay. 2x104 cells
were seeded per well in a 96 well plate (Greiner Bio-One 655090). Cells were allowed to
adhere for 1 h at RT in the hood, then incubated at 37 °C, 5% CO, overnight. The next

day cells were washed once with dPBS then swapped into DMEM (no glucose) (Thermo
11966025) supplemented with HI FBS, Pen/Strep, either 10 mM glucose or galactose, and
TPP-UNC-CAL157 at indicated concentrations with equivalent DMSO vehicle. Cells were
incubated at 37 °C, 5% CO» for 90 h. Cell growth was monitored using a Sartorius IncuCyte
S3 Live-Cell Analysis System at 10x magnification in the phase channel. Percent confluency
and associated error were determined using the Incucyte S3 Software. Graphs were made
using GraphPad Prism Version 8.4.3 (n=6, error represents SEM).

The multiplexed inhibitor bead coupled with mass spectrometry (MIBS/MS) method

of screening for kinase inhibitor selectivity has been described previously32-35. Briefly,
SUM159PT cells were grown to 80% confluency in a 1:1 mixture of DMEM and Nutrient
Mixture F-12 medium supplemented with 5% fetal bovine serum, 1% penn/strep, 5 mg/mL
insulin, and 1 mg/mL hydrocortisone at 37 °C in a humidified 5% CO, atmosphere.

Cells were then washed three times with ice-cold PBS and harvested by scraping. Cell
pellets were resuspended in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NacCl, 0.5%
Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 2.5 mM Na3V04, complete
protease inhibitor cocktail (Roche), and phosphatase inhibitor cocktails 2 and 3 (Sigma)) and
incubated on ice for 10 minutes. Lysates were then sonicated using a microtip sonicator in
10 s bursts at 35% amplitude three times. Lysates were clarified by centrifugration at 14,000
x gfor 15 minutes at 4°C then filtered through a 0.2 um syringe filter, flash frozen, and
stored at —80 °C until used. Protein concentration was quantified using a Bradford assay

the day of the experiment. Aliquots of lysate containing 4 mg of total protein in 1 mL of
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lysis buffer was incubated with 1 uM of the indicated compound or an equivalent amount
of DMSO on ice for 30 minutes. Lysates were then diluted to a final volume of 3 mL with
lysis buffer containing 1 uM of the indicated inhibitor or DMSO then 5 M NaCl added

to a final concentration to 1 M. A column consisting of a 175 pL bed volume of settled
MIBs: 25 uL each of purvalanol B, PP58, UNC21474A, and UNC8088A and 37.5 L of
VI1-16832 and CTx-0294885 was equilibrated in high-salt buffer (50 mM HEPES pH 7.5, 1
M NaCl, 0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA). Lysates were applied to MIBs
columns by gravity flow followed by sequential washes with high-salt buffer, low-salt buffer
(50 mM HEPES pH 7.5, 150 mM NacCl, 0.5% Triton X-100, 1 mM EDTA, and 1 mM
EGTA), and SDS buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 1 mM
EDTA, 1 mM EGTA, and 0.1% SDS). Bound proteins were eluted by boiling samples in
elution buffer (100 mM Tris-HCI pH 6.8, 0.5% SDS, and 1% 2-mercaptoethanol) twice for
15 min each. Eluted proteins were reduced by addition of dithiothreitol (DTT) to a final
concentration of 5 mM and incubation at 60 °C for 25 min. Samples were allowed to cool
to room temperature on ice prior to addition of of iodacetamide to a final concentration of
20 mM and incubation for 30 minutes in the dark. Samples were then concentrated to a final
volume of ~100 pL in 10 K Amicon Ultra centrifugal concentrators (Millipore) followed
by methanol/chloroform precipitation of proteins. Precipitated protein was re-suspended in
50 mM HEPES pH 8.0 and digested with trypsin at 37 °C overnight. Residual detergent
was removed by three sequential ethyl acetate extractions. Samples were desalted using
BioPureSPN MINI desalting columns (NEST) according to the manufacturer’s protocol.

Each sample was analyzed by LC-MS/MS using an Easy-nLC 1200 coupled to a QExactive
HF mass spectrometer equipped with an Easy Spray source (Thermo Scientific). Dried
peptide samples were reconstituted in 2% MeCN, 0.1% formic acid and loaded onto an
EASY-Spray HPLC column (75 pm id x 25 cm, 2 pm particle size) (Thermo Scientific).
Peptide separation was achieved over a 120 min gradient consisting of 5-45% mobile

phase B at a 250 nL/min flow rate, where mobile phase A was 0.1% formic acid in

water and mobile phase B consisted of 0.1% formic acid in 80% MeCN. The QExactive

HF was operated in data-dependent mode where the top 15 precursor ions were selected

for subsequent fragmentation and MS2 analysis. For all runs, ESI parameters: 3 x 108

AGC MS1, 100 ms MS1 max inject time, 1 x 10° AGC MS2, 60 ms MS2 max inject

time, 1.6 m/zisolation window, 30 s dynamic exclusion. Spectra were searched against

the human Uniprot/Swiss-Prot proteome using the integrated MaxQuant search engine,
ANDROMEDA. Label-free quantification was used to calculate kinase abundance using

the MaxQuant software package (ver. 1.6.2.10) with a false discovery rate of 5%. The
following parameters were used to identify tryptic peptides for protein identification: up to
two missed trypsin cleavage sites; carbamidomethylation (C) was set as a fixed modification;
and oxidation (M), and acetyl (protein N-term) were set as variable modifications. The ratios
of label-free quantification values of inhibitor treated samples over DMSO treated samples
were log, transformed and reported.

Statistical Analysis

In all cases, “mean” refers to the arithmetic mean, “SD” refers to standard deviation, “Cl”
refers to confidence interval, and “SEM” refers to standard error of the mean. Statistical
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analyses were performed using GraphPad Prism Version 8.4.3 unless otherwise noted. For
significance claims p-values were calculated using an unpaired, two-tailed Student’s t-test
and p < 0.05 was considered significant. “ns” stands for not significant. No adjustments
were made for multiple comparisons. In all cases, n represents independent replicates of an
experiment.

Data Availability

LC-MS lipid measurement data that support the findings of this study were deposited into
the MassIVE data repository under accession #MSV000090082. Structural data generated
in this study have been deposited in the PDB with accession codes 7UDP and 7UDQ.
Structural data that were used to support the findings in this study are available in the PDB
with accession codes 5135 and 4PED.

Material Availability

All unique biological materials are available from the authors upon request.
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Extended Data Fig. 1. COQS8A inhibition in vitro.
a, Inhibition of COQ8ANAZ0 ATPase activity by the top candidate inhibitors (n=3

independent samples from one experiment, mean + SD) (ICsq data are available in the
supporting information). b, Top candidate inhibitor binding curves, as determined by DSF
(n=3 independent samples from one experiment, mean + SD) (K 4, data are available in
the supporting information).
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Extended Data Fig. 2. De novo CoQ10 biosynthesis measurements.
a, Schematic outlining the experimental plan to measure de novo CoQ production. b, De

novo production of 13Cg-PPHB 1 in WT, COQ8AKC, cOQ8BXC, and COQ8A/BPKO HAP1
cells after treatment with 10 uM 13Cg-4-HB and either DMSO or 20 uM UNC-CA157
(grey=DMSO, red=UNC-CA157, n=3 independent samples from one experiment, mean

+ SD) (two sided students #test, no adjustment for multiple comparisons). ¢, Unlabeled
PPHB; levels in WT, COQ8AKO, cOQ8BXC, and COQ8A/BPKO HAP1 cells after
treatment with 10 pM 13Cg-4-HB and either DMSO or 20 uM UNC-CA157 (grey=DMSO,
red=UNC-CA157, n=3 independent samples from one experiment, mean + SD) (two sided
students #test, no adjustment for multiple comparisons). d, Unlabeled CoQ1q levels in
WT, COQ8AKO, coQ8B<C, and COQ8A/BPKO HAP1 cells after treatment with 10 uM
13C4-4-HB and either DMSO or 20 pM UNC-CA157 (grey=DMSO, red=UNC-CA157,
n=3 independent samples from one experiment, mean + SD) (two sided students #test, no
adjustment for multiple comparisons).
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Extended Data Fig. 3. F495 isrequired for potent inhibition.
a-c, Protein-ligand interaction networks for three independent complexes of COQ8ANAZ54

and UNC-CA157 generated in LigPlot+ (PDB: 7UDQ and 7UDP) (hydrogen bond =
dashed line; hydrophobic contact = arc with spokes). d, Protein-ligand interaction network
for COQ8ANAZ4 RE11K and AMPPNP generated in LigPlot+ (PDB: 5135) (hydrogen
bond = dashed line; hydrophobic contact = arc with spokes). e, SDS-PAGE analysis

of COQ8ANAZ0 pyrifications. f, COQ8ANA250 WT and binding pocket mutant thermal
stabilization by UNC-CA157, as determined by DSF (n=3 independent samples from one
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experiment, mean + SD) (two sided students #test, no adjustment for multiple comparisons,
*ax = 1.2x10710 F336A, ***p = 4.5x1075 A356G, ***p=2.4x1079 K358A, ***p=
4.7x10711 K358E, ***p=1.7x107 L443A, *p=0.0264 T445A, ***p=1.8x10710 L 447A,
*k = 1.4x1079 V448P, ***p = 9.5x10712 F495A,; all six WT-1 and WT-2 data points

were used for statistical analysis). g, Stick representation of UNC-CA157 and adjacent F495
residue. h, Conservation of F495 across the UbiB protein family. i, Thermal stabilization

of COQ8ANAZ0 WT and F495L as well as Coq8pNA41 WT and L353F by UNC-CA157
(n=3 independent samples from one experiment, mean + SD) (two sided students #test, no
adjustment for multiple comparisons, *p = 0.0126 COQ8A WT vs. F495L, ***p=5.6x10~'
Coq8p WT vs. L353F). j, Inhibition of COQ8ANA250 WT and F495L ATPase activity by
UNC-CA157 (n=3 independent samples from one experiment, mean + SD).
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Extended Data Fig. 4. Results from de novo CoQ production with TPP-UNC-CA157 and
inhibitor toxicity analysis.

a, Unlabeled CoQ1q and PPHB1q levels in WT, COQ8AKO, cOQ8BKC, and COQ8A/BPKO
HAP1 cells after treatment with 10 uM 13Cg-4-HB and either DMSO or 17.6 uM TPP-UNC-
CA157 (n=3 independent samples from one experiment, mean + SD) (two sided students
ttest, no adjustment for multiple comparisons, *p = 0.0228 WT PPHB{g, ***p = 0.0003
COQ8AKO PPHB ). b-d, 13Cg-CoQg levels in WT HAP1 cells after treatment with 10 uM
13C4-4-HB and indicated concentrations of UNC-CA157, TPP-UNC-CA157 or Alkyl-TPP
(n=3 independent samples from one experiment, mean + SD) (two sided students £test,
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no adjustment for multiple comparisons, *p =0.0482 DMSO vs. 43.9 uM UNC-CA157,
*p=0.0118 DMSO vs. 22.0 uM TPP-UNC-CA157, **p=0.0030 DMSO vs. 43.9 uM TPP-
UNC-CA157, **p=0.0026 DMSO vs. 87.8 uM TPP-UNC-CA157). e, Growth analysis of
WT HAPL cells in either 10 mM glucose or 10 mM galactose with indicated concentrations
of TPP-UNC-CA157 (n=3 biologically independent wells of cells in one experiment, mean
+ SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Characterization of in vitro COQ8A inhibitors.
a, Differential scanning fluorimetry (DSF) screen of 4-anilinoquin(az)oline compounds (n=3

independent samples from one experiment, mean + SD). Structures of all compounds are
available in the supporting information b, DSF traces of COQ8ANA250 with UNC-CA157
compared to controls. ¢, Inhibition of COQ8ANA250 ATPase activity by UNC-CA157 (n=3
independent samples from one experiment, mean + SD). d, UNC-CA157 binding curve, as
determined by DSF (n=3 independent samples from one experiment, mean + SD). e, Live
cell target engagement for COQB8A (left) and COQ8B (right) assessed in HEK293 cells
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using a NanoBRET approach (n=3 independent samples, mean + SD, representative of two
independent experiments). PD173955 served as a control. COQ8 BRET assay development
data are available in the supporting information.
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Fig. 2 |. UNC-CA157 decreases de novo CoQ production in COQ8BKC HAP1 cells.
a, Abbreviated schematic of the CoQ biosynthesis pathway. COQ8 proteins are essential

for converting PPHB; to mature CoQ1q. b, Total CoQg levels in WT, COQ8AKO,
COQ8BXO, and COQ8A/BPKO HAP1 cells as determined by LC-MS (n=3 independent
samples from one experiment, mean + SD) (two sided students #test, no adjustment for
multiple comparisons, **p = 0.0048 WT vs. COQ8BKO, ***p=0.00002 for WT vs.
COQ8A/BPKO). ¢, Total PPHB1q levels in WT, COQ8AKC, cOQ8B<0, and COQ8A/BPKO
HAP1 cells as determined by LC-MS (n=3 independent samples from one experiment,
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mean + SD) (two sided students #test, no adjustment for multiple comparisons, **p =
0.0014 WT vs. COQ8AKO, ***p=0,0002 WT vs. COQ8BKO, ***p=0.0009 WT. vs.
COQB8A/BPXO). d, Oxygen consumption rates from a Seahorse mitochondria stress test of
WT, COQ8AKO, cOQ8BXC, and COQ8A/BPKO HAP1 cells (n=11 (WT) or 12 (COQ8AKO,
COQ8BXO, cOQ8A/BPKO) independent wells of cells from one experiment, mean + SD).
Oligo, oligomycin; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; Rot +
AA, rotenone + antimycin A. e, 13Cg-CoQ1 (de novo synthesized CoQ1p) levels in

WT, COQ8AKO, cOoQ8B<C, and COQ8A/BPKO HAP1 cells after treatment with 10 uM
13C4-4-HB and either DMSO or 20 pM UNC-CA157 (n=3 independent samples from one
experiment, mean x SD) (two sided students £test, no adjustment for multiple comparisons,
**n=0.0024 COQ8BXC, **p=0.0062 COQ8A/BKO),
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Fig. 3|. Mitochondrial targeting of TPP-UNC-CA157 increases cellular efficacy in HAP1 cells.
a, Surface representation of UNC-CA157-bound COQ8ANAZ4 b UNC-CA157 bound

to the protein active site reveals type | kinase inhibition. ¢, Overlay of AMPPNP
(PDB=5135) and UNC-CA157 in the COQB8A active site. d, UNC-CA157 positioning in
the COQB8A active site revealed an aqueous-exposed cyano group. €, The addition of

a triphenylphosphonium group to UNC-CA157 for mitochondrial targeting. f, Inhibition

of in vitro COQ8ANA250 ATpase activity by UNC-CA157 and TPP-UNC-CA157 (n=3
independent samples from one experiment, mean + SD). g, 13Cg-CoQ1 (de novo
synthesized CoQ1q) and 13Cg-PPHB1 (de novo synthesized PPHB1) levels in WT,
COQ8AKC, cOQ8BKO, and COQ8A/BPKO HAP1 cells after treatment with 10 pM 13Cg-4-
HB and either DMSO or 17.6 uM TPP-UNC-CA157 (n=3 independent samples from one
experiment, mean + SD) (two sided students #test, no adjustment for multiple comparisons,
**n=0.0014 WT 13Cg-CoQ1g, **p = 0.0031 COQ8AKO 13C4-CoQyg, **p = 0.0016
COQ8BKO 13C4-CoQp, ***p = 0.0001 WT 13C4-PPHB 1, ***p = 0.0008 COQ8AKO 13C;-
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PPHB1, *p = 0.0290 COQ8A/BPKO 13Cs-PPHB, (). h, 13C¢-CoQq levels in WT HAP1
cells after treatment with 10 uM 13Cg-4-HB and 1.37-87.8 pM TPP-UNC-CA157 (n=3
independent samples from one experiment, mean x SD).
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Fig. 4 |. TPP-UNC-CA157 Kinome Specificity.

a, MIBS-MS kinome profiles for UNC-CA157 and TPP-UNC-CA157 (p-values determined
using two sided students #test, no adjustment for multiple comparisons). Full annotated
kinome profiles are available in the supporting information. b, Representative NanoBRET
assays for off-target cytosolic kinases GAK, NLK, and RIPK2 (n=3 independent samples,
mean + SD, representative of two independent experiments). Live cell target engagement
summary table for COQ8A, COQ8B, ACVR1, GAK, NLK, PKN3, and RIPK2 using

the NanoBRET approach with UNC-CA157 and TPP-UNC-CA157 is available in the
supporting information.
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