Molecular Cell

Cerebellar Ataxia and Coenzyme Q Deficiency
through Loss of Unorthodox Kinase Activity

Graphical Abstract

Autosomal recessive _Exercise
cerebellar ataxia 2 intolerance
(ARCA2) mouse model _ Yy
w " 7 | cerebellar
Complex Q CoQ ataxia
Cog8a™ (Adck3™) instability deficiency
Nucleotide-bound Complex Q
COQB8A structure stable & active CoQ Skeletal
2o . muscle
eoe 8 function
Molecular XX YR purkinje cell
mechanism? function

Protein kinase-like (PKL)

CM| PKL model

Unorthodox PKL (uPKL) functional models
ICoQ intermediate or

Small molecule
kinase model

;C):r(the; @ : @ @ | enzy cofactor
; | |

| ATP ! !\/Y\R
ol | 6
! 0000 !
| L. | S
| Complex Q 8 } ®
| |

Canoni /Thr/Tyr
proteinkin model

ATPase model

Highlights
e Cog8a~’~ mice recapitulate the most frequent form of human
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e COQ8 binds lipid CoQ intermediates with a conserved
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(ADCK1-5), which are largely
uncharacterized. Stefely et al.
demonstrate that COQ8A (ADCK3)
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SUMMARY

The UbiB protein kinase-like (PKL) family is wide-
spread, comprising one-quarter of microbial PKLs
and five human homologs, yet its biochemical activ-
ities remain obscure. COQ8A (ADCK3) is a mamma-
lian UbiB protein associated with ubiquinone (CoQ)
biosynthesis and an ataxia (ARCA2) through unclear
means. We show that mice lacking COQB8A develop a
slowly progressive cerebellar ataxia linked to Pur-
kinje cell dysfunction and mild exercise intolerance,
recapitulating ARCA2. Interspecies biochemical
analyses show that COQ8A and yeast Coq8p specif-
ically stabilize a CoQ biosynthesis complex through
unorthodox PKL functions. Although COQ8 was pre-
dicted to be a protein kinase, we demonstrate that it
lacks canonical protein kinase activity in trans.
Instead, COQ8 has ATPase activity and interacts
with lipid CoQ intermediates, functions that are likely
conserved across all domains of life. Collectively, our

608 Molecular Cell 63, 608-620, August 18, 2016 © 2016 Elsevier Inc.

results lend insight into the molecular activities of the
ancient UbiB family and elucidate the biochemical
underpinnings of a human disease.

INTRODUCTION

Coenzyme Q (CoQ; ubiquinone) is a redox-active lipid found in all
domains of life and virtually all cellular membranes (Crane et al.,
1957; Lester and Crane, 1959; Morton, 1958; Seshadri Sastry
et al., 1961). CoQ functions as an essential component of the
mitochondrial electron transport chain to enable oxidative phos-
phorylation, acts as a lipophilic antioxidant, and contributes to
membrane structure. Yet our understanding of CoQ biosynthesis
remains incomplete. In the yeast Saccharomyces cerevisiae, at
least 11 genes (cog1-coq9, yah1, and arh1) are required for
CoQ biosynthesis (Pierrel et al., 2010; Tran and Clarke, 2007),
but the biochemical functions of Cog4p, Coq8p, and Coq9p
remain unclear.

In humans, mutations in nine putative CoQ biosynthesis genes
have been linked to primary CoQ deficiencies, which affect
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Figure 1. Cog8a~’~ Mice Develop Cerebellar Ataxia and Mild Exercise Intolerance

(A) Immunoblot analysis of COQ8A abundance in 30-week-old mice.

(B) Accelerating rotarod retention times of 10-week-old mice (mean + SEM, n = 8-12). ANOVA test p < 0.05.

(C) Left: representative footprints of 10-week-old mice. Right: “linearity coefficient,” which is proportional to non-linear movement (mean + SEM, n = 8-12).
*p < 0.05, **p < 0.01.

(D) Number of hindlimb coordination errors (mistakes) by mice on beam test (mean + SEM, n = 8-12). *p < 0.05, *p < 0.01, **p < 0.01.

(legend continued on next page)
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diverse tissues and range from severe infantile multisystemic
disease to adult-onset isolated myopathy (Laredj et al., 2014;
Quinzii and Hirano, 2010). Tissue specificities likely reflect
cell-type-specific differences in CoQ production, uptake, and
demand. Differences in clinical severity may be influenced by
whether the mutated gene encodes a CoQ biosynthesis enzyme
or a regulatory protein. Yet no clear explanation exists for this
extreme clinical heterogeneity, in part because of the absence
of suitable animal models.

The most frequent form of hereditary CoQ deficiency, auto-
somal-recessive cerebellar ataxia type 2 (ARCA2, SCAR9), is a
rare ataxia that is due to mutations in ADCK3, an ortholog of
yeast coqg8 (Lagier-Tourenne et al., 2008; Mollet et al., 2008).
ARCA?2 is characterized by slowly progressive gait abnormality,
cerebellar atrophy, and moderate CoQ deficiency in skeletal
muscle. More variable features include exercise intolerance,
epilepsy, and intellectual deficiency. The molecular mechanisms
underlying ARCA2 are obscure, largely because ADCKS3 lacks a
clear biochemical function.

ADCKS3 belongs to the ancient UbiB family, which comprises
one-quarter of all microbial protein kinase-like (PKL) genes
(Kannan et al., 2007; Leonard et al., 1998; Oruganty et al.,
2016) and has diverse biological functions in cell migration
(Simpson et al., 2008), tumor cell viability (Brough et al., 2011;
Wiedemeyer et al., 2010), and lipid metabolism (Lundquist
et al., 2013; Martinis et al., 2013; Tan et al., 2013). The UbiB
family has five mammalian members (ADCK1-5), which are
classified as atypical kinases (Manning et al., 2002). ADCK4 is
the closest homolog of ADCK3, and ADCK4 mutations cause a
nephrotic syndrome associated with CoQ deficiency (Ashraf
et al.,, 2013). On the basis of phylogenetic analyses defining
ADCK3 and ADCK4 as co-orthologs of yeast Cog8p and func-
tional studies presented in this report, we propose to rename
ADCK3 and ADCK4 as COQ8A and COQ8B, respectively.

Although Cog8p and COQ8A have been linked to CoQ through
genetic studies, whether these proteins act exclusively in CoQ
biosynthesis is unknown. Moreover, the mild CoQ deficiency of
ARCA2 has raised questions about the role of COQ8A in CoQ
production. Cog8p and COQS8A localize to the matrix face of
the inner mitochondrial membrane (Do et al., 2001; Pagliarini
et al., 2008; Rhee et al., 2013; Tauche et al., 2008), where CoQ
is produced. Additionally, using affinity enrichment mass spec-
trometry (AE-MS), we recently demonstrated that COQ8A and
COQ8B interact with CoQ biosynthesis enzymes in a complex
we term “complex Q” (Floyd et al., 2016 [this issue of Molecular
Celll), consistent with reports that yeast proteins form a
similar complex (He et al., 2014). In yeast, lack of coq8 perturbs
post-translational modifications (PTMs) of Coq3p, Cog5p, and

Coq7p (Xie et al., 2011), but whether this effect is direct or indi-
rect, or whether these PTMs are important for complex Q func-
tion, is unknown.

The putative biochemical function of Coq8p, COQ8A, and the
larger UbiB family is protein phosphorylation, but this idea re-
mains largely untested and is based primarily on PKL sequence
homology. Unorthodox PKL (uPKL) functions, including lipid ki-
nase activity (Walker et al., 1999) and nucleotide-regulated
conformational changes (Kung and Jura, 2016), are increasingly
recognized. Moreover, 10% of the human kinome consists of
pseudokinases with non-catalytic functions (Zegiraj and van
Aalten, 2010). Differentiating these diverse modes of action re-
mains a central challenge in studying the kinome. For COQ8A
in particular, unique structural features are positioned to inhibit
protein kinase activity, raising the possibility of atypical function-
ality (Stefely et al., 2015).

Here, we show that Cog8a knockout (Cog8a~'~) mice recapit-
ulate the primary features of ARCA2. We trace the main patho-
physiology of this disease to dysfunctional cerebellar Purkinje
cells (PCs), defective skeletal muscle, and disruption of complex
Q. Leveraging interspecies biochemical investigations, we pro-
vide evidence for uPKL COQ8A activity and present a new model
for how COQ8A supports CoQ biosynthesis.

RESULTS
Coqg8a~’~ Mice Develop Ataxia and Seizures

To investigate COQ8A function in vivo, we generated a constitu-
tive knockout (Cog8a~'~) mouse model (Figure S1A) that
showed normal Mendelian inheritance, growth, and lifespan,
despite the complete absence of COQB8A in all tissues tested
(Figures 1A and S1B). No overt clinical phenotypes were
observed. Evaluation of standard blood parameters revealed
hyperlipidemia (Figure S1C), suggesting a defect in lipid
metabolism.

To assess the neurological consequences of COQ8A deple-
tion, we conducted behavioral analyses. By 10 weeks of age,
Cog8a~'~ mice showed decreased performance on accelerating
rotarod (Figure 1B), an increase in nonlinear movement in
footprint analysis (Figure 1C), and a decrease in hindlimb coordi-
nation on the beam test that worsened with age (Figure 1D).
Thus, Cog8a~’~ mice develop a slowly progressive loss of coor-
dination after birth. Epilepsy and seizures are also observed in
ARCA2 patients. Consistently, Cog8a~'~ mice developed occa-
sional seizures during daily manipulation and showed increased
seizure susceptibility after pentylenetetrazole injection (Fig-
ure S1D). Some ARCA2 patients also show moderate intellectual
disability, although no clear genotype-phenotype correlation

(E) Hematoxylin and eosin (H&E) (top) and calbindin (bottom) staining of cerebellar sections of 15- and 40-week-old mice, respectively. *Shrunken Purkinje

neurons. The scale bar represents 20 um.

(F) Electron microscopy of 30-week-old cerebella. G, Golgi apparatus. *Dilated Golgi. The scale bars represent 5 pm (top) and 1 um (bottom).

(G) Electrophysiological recordings of mouse PCs. ISI and CV2 (mean + SEM) (n = 3, >40 cells/mouse). **Mann-Whitney U test p < 0.01.

(H) Maximum speed (top) and duration (bottom) on treadmill test by 10-month-old mice (mean + SEM, n = 8). *p < 0.05.

(I) H&E-stained skeletal muscle sections of 7-month-old mice. The scale bar represents 50 um.

(J) Electron microscopy of quadriceps showing broken mitochondria with collapsing cristae (arrows). Top: 7-month-old mice; the scale bar represents 2 um.

Bottom: 15-month-old mice; the scale bar represents 1 um.
See also Figure S1.
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exists. Cog8a~'~ mice show only a slight delay in spatial memory

in a Morris water maze test (Figures S1E and S1F). Collectively,
these results show that the neurological phenotypes of
Cog8a~'~ mice recapitulate those seen in patients, and thus
constitute a good model to explore ARCA2 pathophysiology.
Cog8a~’~ PCs Are Dysfunctional

Histological analysis of the CNS revealed neither cerebellar atro-
phy nor gross CNS defects in Cog8a™~ mice throughout their
lifespan. However, Cog8a~'~ mice showed a specific defect in
the cerebellar PC layer, with the presence of dark shrunken
neurons and patches of gaps in calbindin staining, suggesting
neuronal degeneration (Figure 1E). Ultrastructural analysis
demonstrated that ~10% of Cog8a~’~ PCs were dark and
shrunken, with dysmorphic nuclei and abnormal membrane
structures (Figure 1F). Interestingly, most Cog8a~'~ PCs also
displayed a dilated and fragmented Golgi apparatus and dilated
cisternae of ribosome-rich endoplasmic reticulum (Figures 1F
and S1G). Consistent with an important function for COQ8A in
PCs, Cog8a mRNA is abundant in the cerebellar PC layer
(Figure S1H). Yet PC mitochondria appear structurally normal
(Figure S1G). Cog8a~’~ cerebella also showed normal levels of
PC-specific molecular markers and lacked apoptotic cells
(Figures S11 and S1J), suggesting no massive PC loss, even at
advanced stages of the disease.

The electrophysiological function of PCs, which normally
exhibit regular pacemaking action potentials (Hausser and Clark,
1997), was assessed by measuring spontaneous firing in acute
cerebellar slices (Figure 1G). PCs from 3-month-old Cog8a~’~
mice exhibited a significant increase in interspike interval (1SI),
while the coefficient of variation between adjacent spikes (CV2)
was normal (Figure 1G). A distribution analysis demonstrated
that a significant proportion of Cog8a—'~ PCs have high IS values
(>40) (Figure S1K). Interestingly, 8-month-old Cog8a~'~ PCs ex-
hibited a significant increase in CV2, while the ISl was normal (Fig-
ure 1G). Thus, Cog8a~'~ PCs have altered pacemaker activity,
with a progressive phenotype. Together, these results show
that specific PC dysfunction underlies the Cog8a™'~ ataxia.
Coq8a"' Mice Develop Exercise Intolerance
In addition to neurological symptoms, exercise intolerance is a
common feature of ARCA2. On an accelerating treadmill, the
maximum speed reached by Cog8a~'~ mice was significantly
decreased, and a trend toward lower endurance was observed
(Figure 1H). No difference in muscle strength was observed by
grip analysis (Figure S1L). Together, these data demonstrate
mild exercise intolerance in Cog8a~'~ mice. Consistent with an
important role for COQ8A in muscle function, COQ8A mRNA is
highly expressed in skeletal muscle (Figures STM and S1N).
Histological analyses of 7-month-old Cog8a~'~ mouse skeletal
muscle revealed no gross defects (Figure 1l), but ultrastructural
analyses revealed abnormal mitochondrial morphology with
broken or collapsed cristae and mild fiber degeneration (Figures
1J). Despite these perturbations, mtDNA levels (Figure S10),
cellular respiration (Figure S1P), and metabolites of central
carbon metabolism (Figure S1Q) were found to be within wild-
type (WT) ranges, further showing that the Cog8a—'~ muscle
phenotypes are mild, as observed in ARCA2.

Collectively, this work establishes Cog8a~'~ mice as a model

system that recapitulates the key features of ARCA2, deepens
our understanding of its pathogenesis, and provides a founda-
tion for molecular studies. Here, we conduct parallel studies of
mammalian COQ8A and yeast Coqg8p to test their functional
homology and to help elucidate the biochemistry of ARCA2.

Coq8a~’~ Mice Develop Specific CoQ Deficiency

ARCA2 patients have mild skeletal muscle CoQ;q deficiency,
which could cause exercise intolerance. Seven-month-old
Cog8a~'~ mice show significant CoQ deficiencies in kidney,
liver, and skeletal muscle (Figure 2A). However, CoQ levels
were normal in younger mice (Figure S2A). Because the CoQ
deficiency was mild in skeletal muscle and absent from whole
cerebella, we used MS lipidomics to more broadly explore lipid
metabolism. These analyses demonstrated that CoQ is signifi-
cantly and specifically deficient in Cog8a™" skeletal muscle (Fig-
ure 2B; Table S1). Similarly, yeast lacking cog8 (Acog8) show
specific CoQ deficiency (Figure S2B; Table S2). However,
normal CoQ levels were observed in whole Cog8a™~ cerebella
(Figure 2B), providing further evidence that PCs are specifically
affected by loss of COQ8A. No significant difference in serum
CoQ was observed (Figure 2B). Together, these results show
that lack of COQ8A causes mild, tissue-specific CoQ deficiency.

COQ8A Specifically Maintains CoQ Biosynthesis
Proteins

Toward understanding the molecular basis for the CoQ deficiency
of Cog8a~'~ mice, we quantified protein abundance changes by
MS-based proteomics (Figure 2C; Table S3). Proteins of the
recently defined mammalian complex Q (COQ3-9) (Floyd et al.,
2016) were significantly and specifically deficient across multiple
Cog8a~'~ tissues, including the affected cerebellum and skeletal
muscle, but also unaffected tissues to varying degrees (Figures
2C-2E, S2C, and S2D). Together with the co-purification studies
by Floyd et al. (2016), these Cog8a ™'~ proteomics results provide
further, complementary evidence to support the existence of a
mammalian complex Q and its physiological significance. Immu-
noblot analyses of Cog8a ™~ tissues from young mice (Figures 2D
and S2C) and myoblasts derived from pups (Figure 2E) showed
COQ7 deficiency, suggesting that complex Q dysregulation is
an early feature of ARCA2. In yeast, loss of Cog8p caused a
similarly specific deficiency of homologous complex Q proteins
during the diauxic shift, a metabolic transition from fermentation
to respiration (Figures 2F and S2E-S2H; Table S4). Together,
these results show that Cog8p and COQ8A specifically maintain
complex Q in yeast and mammals, respectively.

COQ8A Interacts Dynamically with Complex Q

The observed COQ8A-dependent stability of complex Q could
be driven by COQ8A-complex Q protein-protein interactions.
In pairwise co-expression studies in COS cells, COQ8A-FLAG
robustly co-purified with COQ5-HA but not with COQ3-HA or
COQ9-HA (Figure 3A). To further explore the interaction network
of COQ8A, we performed AE-MS analyses of human COQ8A-
FLAG expressed in HEK293 cells. Compared with MLS-GFP-
FLAG, COQB8A-FLAG robustly co-purified with endogenous
COQ5, COQ7, COQB, COQ4, and COQS (Figures 3B, 3C, and
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(D) Expression of COQ7 in cerebellum and muscles of 10-week-old mice.
(E) Expression of COQ7 in myoblasts from pups aged 7-9 days.
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See also Figure S2.

S3A). The enrichment of COQ3 was relatively weak and could be
indirectly mediated by complex Q interactions. To test whether
perturbation of the COQB8A active site alters these interactions,
we conducted COQ8A-FLAG AE-MS experiments with two
COQB8A point mutants: D507N, which disrupts Mg-nucleotide
binding, and K276H, a point mutation of the UbiB family-specific
KxGQ motif (Figures 3D and 3E). Both mutations altered com-
plex Q, suggesting that the activity of COQ8A modulates the in-
teractions between CoQ proteins. Consistently, we recently
observed dynamic, metabolic state-dependent COQ8A/B-com-
plex Q interactions (Floyd et al., 2016).

612 Molecular Cell 63, 608-620, August 18, 2016

COQB8A Lacks Protein Kinase Activity in trans

The observed COQS8A protein interactions could fit with the
prevailing model that COQ8A is a protein kinase that phosphor-
ylates COQ proteins. To test the protein kinase hypothesis, we
examined Cog8a~’~ mouse phosphoproteome changes. We
quantified >7,500 cerebellar phosphopeptides and >6,000
skeletal muscle phosphopeptides, but we did not detect phos-
phopeptides from COQ3, COQ5, or COQ7 (Figure S2I; Table
S5), the hypothesized COQB8A substrates (Xie et al., 2011),
despite detecting representative peptides for each protein
(Figure 2C). In skeletal muscle, COQ9 pS81 and pY88 were
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(A) Immunoblot (IB) analysis of interactions between COQ8A-FLAG and COQ5-HA, COQ3-HA, or COQ9-HA transfected into COS cells and immunoprecipitated
(IP’d) using anti-FLAG beads.

(B) Heatmap showing the top 25 endogenous proteins most enriched by COQ8A-FLAG IP’d from HEK293 cells compared with various control IPs (mean, n = 4).
(C) Relative abundances of endogenous proteins co-purifying with COQ8A-FLAG compared with MLS-GFP-FLAG (mean, n = 4) IP’d from HEK293 cells as
assessed by LC-MS/MS.

(D) Cartoon of COQ8 active site residues (based on PDB: 4PED).

(E) Relative abundances of endogenous COQ proteins co-purifying with COQ8A-FLAG (logo[mutant/WT]) IP’d from HEK293 cells as assessed by LC-MS/MS.
(F) SDS-PAGE analysis of in vitro Mg[y->2P]JATP autophosphorylation reactions with Cog8™**" variants or PKA.

(G) Divalent cation dependence of Cog8N2*' autophosphorylation.

(H) Time course of Cogq8N**! autophosphorylation.

() Cog8N2*" autophosphorylation sites identified by LC-MS/MS mapped onto a homology model of Cog8p (based on COQ8A structure, PDB: 4PED).

(J) SDS-PAGE analysis of in vitro Mg[y—32P]ATP autophosphorylation reactions with combinations of Coq8"'A“1 variants. MBP, maltose binding protein tag.

(K) SDS-PAGE analysis of in vitro Mg[y->2P]JATP kinase reactions with PKA or Coq8M**' and potential substrate proteins.

See also Figure S3.

observed, but were not significantly altered when normalized to  despite detecting peptides from Coq3p-Coq9p (Figure 2F).
protein abundance changes. Similarly, COQ9 pS81 was moder-  These results suggest that complex Q proteins are not ab-
ately decreased in Cog8a~’'~ cerebellums (Cog8a™~/WT = 0.6), undantly phosphorylated in vivo and led us to test the protein
likely because of the observed decrease in COQ9 abundance kinase hypothesis directly in vitro.

(Figure 2C). Likewise, in yeast, we quantified >6,000 phospho- Mutants of a truncated COQ8A construct (COQ8ANA2%%) can
peptides across the diauxic shift (Figures S2J and S2K; Table autophosphorylate in vitro (Stefely et al., 2015), suggesting that
S6), but no phosphopeptides from Coq proteins were observed, = COQ8A might act as a protein kinase in vivo. Here, we purified
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the full mitochondrial form of Cog8p (Coq8N*4"), which maintains

its mature N terminus (Figure S3B) and thus eliminates caveats of
the COQS8A truncation. Like COQ8AN*2%° (Stefely et al., 2015),
Coq8N241 preferentially binds adenine nucleotides, with selec-
tivity for ADP over ATP that can be reversed by an A-rich loop
A-to-G mutation (Figures S3C and S3D). Mutating the A-rich
loop or the invariant KxGQ motif enhances Coq8N**! autophos-
phorylation activity, which is dependent on active site residue
D365, Mgz*, and time (Figures 3F-3H, S3E, and S3F). Thus,
the basic biochemical properties of COQ8A and Coq8p are
conserved.

Liquid chromatography tandem MS (LC-MS/MS) analyses
showed that Coq8M**' autophosphorylates residues of the
KxGQ domain (Figures 31 and S3G), which occludes the canon-
ical peptide substrate pocket. The KxGQ domain is accessible in
cis or in trans, but reactions with combinations of active (WT or
A197G,K134H) and inactive (D365N) Cog8M**' showed that
these Coqg8p variants autophosphorylate exclusively in cis (Fig-
ures 3J and S3H). Similar results were observed for COQ8ANA2%°
(Figure S3l). Importantly, mutating Coq8N**! autophosphoryla-
tion sites did not inhibit respiratory yeast growth (Figure S3J),
showing that the autophosphorylation observed in vitro is
dispensable for function in vivo.

Screening potential protein substrates for COQ8A and Coq8p
further demonstrated their lack of trans protein kinase activity.
While protein kinase A (PKA) exhibited robust protein kinase ac-
tivity in trans, neither WT nor A197G,K134H Coq8N**' catalyzed
phosphorylation of myelin basic protein or mixtures of COQ
proteins in trans (Figure 3K). Similar results were obtained for
COQ8ANA2%0 \which also does not catalyze phosphorylation of
general protein kinase substrates (Figures S3K and S3L). Collec-
tively, these results demonstrate that the enzymatic activities of
mammalian COQ8A and yeast Coq8p are highly similar and
that neither catalyzes canonical protein kinase activity. These
findings argue against the protein kinase hypothesis and de-
mand a new model for the “uPKL” functionality of COQ8.

Coq8p Catalyzes ATPase Activity with Its KxGQ Motif

To begin testing potential uPKL functions, we examined
Coq8N24! for ATPase activity, which can be considered as
small-molecule “water kinase” activity. WT Cog8N2*' has
ATPase activity and an A197G mutation, which enhances
MgATP binding in vitro, increased the ATPase activity (Figures
4A and S4A-S4C). In contrast, K134H and A197G,K134H muta-
tions decreased ATPase activity to a level near that of a mutant
that does not bind nucleotides, D365N. Thus, Coq8p ATPase
activity is enhanced by the UbiB-specific KxGQ motif. The inhi-
bition of ATPase activity seen with the K134H mutants is in stark
contrast to their dramatically enhanced autophosphorylation
activity. Importantly, the K134H mutation eliminates CoQ pro-
duction in vivo (Stefely et al., 2015), suggesting that, contrary
to autophosphorylation, the ATPase activity is likely related to
the endogenous activity of Coq8p.

To test the impact of these differential Cog8p mutations on
complex Q stability in vivo, we examined Acoq8 yeast rescued
with coq8 variants by MS proteomics (Figures 4B and S4D).
Whereas WT Cog8p rescued the abundance of complex Q pro-
teins in vivo, the K134H mutant did not. The essentially equal
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need for D365 (MgATP binding) and K134 (ATPase, uPKL activ-
ity) suggests that uPKL activity stabilizes complex Q. The obser-
vation that the A197G mutation enhanced ATPase activity in vitro
but decreased function in vivo could suggest that Cog8p does
not act as an ATPase in vivo, but this A-rich loop perturbation
likely has multifactorial effects because this loop is known to
affect substrate binding and protein structure in other PKLs
(Bossemeyer, 1994; Hemmer et al., 1997). Although the A-to-G
mutation is useful for boosting MgATP binding in vitro, this
alanine residue is highly conserved, and our results show that
it does indeed support Cog8p function in vivo. More generally,
these results do not necessarily demonstrate that COQ8
ATPase activity per se stabilizes complex Q in vivo, because
water could mimic the hydroxyl group of another small-molecule
substrate. The COQ8 ATPase activity could be more broadly
indicative of small-molecule kinase activity or lipid kinase
activity.

Coq8p Binds Lipid CoQ Intermediates

An interaction between COQ8A and lipids could be a feature
of either lipid kinase activity or interactions with the mem-
brane-associated complex Q. Sub-fractionation and Na,CO;
treatment of mouse mitochondria showed that endogenous
COQ8A is partially buried in the inner mitochondrial membrane
with its C terminus facing the matrix (Figure 4C). Consistently,
COQ8ANA2%0 and Coq8M*' bind to liposomes (Figure S4E).
Thus, COQB8A interacts physically with lipid membranes.

To examine specific lipids that bind to Cog8p, we conducted
LC-MS/MS analyses of lipids that co-purify with recombinant
Coq8N**! expressed in E. coli, which possesses a CoQ biosyn-
thesis pathway similar to that found in eukaryotes. The E. coli
CoQ biosynthesis intermediates octaprenylhydroxybenzoate
(OHB) and octaprenylphenol (OPP) co-purified with Cog8N*4",
but not with PKA, and Coqg8p active site mutations decreased
binding of OHB and OPP (Figure S4F). An independent set of ex-
periments showed enrichment of OHB and OPP in samples of
isolated Cogq8™**' compared with their abundance in the bacte-
rial lysate from which they were purified (Figure 4D). Further-
more, binding of OHB, OPP, and heptaprenylphenol was
decreased by Coq8p active site mutations D365N and K134H
(Figures 4D and 4E). Interestingly, Coq8p did not enrich for
CoQ (detected in the oxidized form in this experiment), and
Coq8p active site mutations did not perturb co-purification of
CoQ, suggesting that Cog8p preferentially binds CoQ biosyn-
thesis intermediates.

Nucleotide Binding Activates COQ8A and Opens
Small-Molecule Pockets

Our previous structure of apo COQ8AN2%* showed that its UbiB
family specific KxGQ domain occludes the typical substrate
binding pocket (Stefely et al., 2015), and no obvious hydrophobic
binding pockets that could bind a lipid were present. However,
nucleotide binding could open a COQB8A substrate binding
pocket. To test this idea, we crystallized COQ8AN*?%4 R611K
with adenosine 5'-(B,y-imido)triphosphate (AMPPNP) and
solved an X-ray structure at a resolution of 2.3 A (Figure 5A; Ta-
ble 1). The R611K mutant was used because we were unable to
obtain WT-nucleotide co-crystals.
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Figure 4. COQ8A and Coq8p Exhibit uPKL Activities
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(A) keat and Kqai/Km values for the ATPase activity of Cog8MN** variants measured by observing production of phosphate (mean + SD, n = 3). *p < 0.05.
(B) Relative protein abundances in Acog8 yeast transformed with the indicated cog8 (Cog8p) variants as quantified by label free quantitation LC-MS/MS analysis

(mean + SD, n = 4).

(C) Immunoblot analysis of COQ8A localization in submitochondrial fractions. Mitochondrial markers: COQ7 (inner membrane, peripheral), CYC1 (intermembrane
space), NFU1 (matrix), Prohibitin (inner membrane, integral), and TOM20 (outer membrane, integral). Supe., supernatant.
(D) Heatmap showing enrichment of lipids co-purifying with MBP-Coq8N24' variants compared with the bacterial lysate from which the proteins were purified as

assessed by LC-MS (mean, n = 6).

(E) Relative abundances (mutant/WT) of CoQ biosynthesis intermediates (R, polyisopreny! tail) co-purifying with MBP-Coq8"N4*! variants as assessed by LC-MS

(mean + SD, n = 6).
See also Figure S4.

Overall, the apo and nucleotide-bound COQ8A structures are
largely similar (Figures 5A, 5B, and S5A). Even with a nucleotide
bound, the KxGQ motif is positioned to occlude the typical pep-
tide substrate binding site and preclude in trans protein phos-
phorylation. Nucleotide-bound COQ8A is also structurally
related to Rio family enzymes (Figures S5A and S5B), PKLs
that function as ATPases (Ferreira-Cerca et al., 2012). Detailed
comparisons of apo and nucleotide-bound COQ8A show that
most residues deviate by only 2-3 A, but notably larger 7-12 A
deviations of two loops in the KxGQ domain were observed:
the GQu2-GQoa3 loop and the GQu5-GQab loop (“Q switch 1”
and “Q switch 2,” respectively). The movement of these two
COQ8A Q switches due to nucleotide binding opens two hydro-
phobic pockets in the KxGQ domain (KxGQ pockets 1 and 2,
respectively), which are not present in the apo COQ8A structure
(Figures 5A and S5D). KxGQ pocket 1 is near the putative phos-
phoryl acceptor substrate binding region, and it could potentially

bind the kinase’s substrate. In contrast, KxGQ pocket 2, which is
partially formed by the “x” of the KxGQ motif, has the potential to
bind an allosteric effector molecule that could communicate with
the active site through the KxGQ motif.

KxGQ pocket 1 appears to be open sufficiently to accept a
small-molecule kinase substrate, but other structural features
also play important roles in kinase activation. Although COQ8A
has intact “spine”-like structures (Figure S5E), an important
feature of PKL enzyme activation (Kornev et al., 2006), the puta-
tive catalytic base D488 is locked in a salt bridge in the apo
COQ8A structure (Figure S5F). To test the idea that nucleotide
binding might allow D488 to move into an active conformation,
we conducted 200 ns molecular dynamics (MD) simulations of
apo, MgADP-bound, and MgATP-bound COQ8A. Kullback-Lei-
bler divergence between simulations revealed clusters of resi-
dues with differential dynamics in the nucleotide pocket and
the KxGQ domain (Figure S5G). In apo COQ8A, D488 remains
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locked inside the protein core (Figure S5H). However, in the
nucleotide-bound form, because of slight repacking of the
GQo2 and GQa3 helices, D488 displays large side chain
flexibility. Surprisingly, in the MgATP simulation, D488 flips
from inside the hydrophobic core into a catalytically competent,
solvent-exposed posture (Figure 5D), as indicated in the 1
angle plot, which falls into two distinct ensembles (Figure S5H).
This D488 flip is facilitated by hydrogen bonding with the
KxGQ glutamine (Figure 5D). In addition, during our simulation,
K276 can also form an ionic interaction with the y-phosphate
of ATP (Figure 5D), suggesting that the KxGQ motif may partici-
pate directly in catalyzing phosphoryl transfer. Together, these
results demonstrate that COQ8A can adopt a conformation
poised to catalyze phosphoryl transfer, not only in spite of the
KxGQ domain’s position in the typical peptide substrate pocket
but likely facilitated by this very position of the KxGQ motif.
Collectively, these structural observations provide further evi-
dence for the uPKL functionality of COQ8A.

DISCUSSION
Insight into CoQ Biosynthesis

Two overarching problems continue to confound studies of
CoQ biosynthesis in human health and disease. First, primary
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Figure 5. Structure and Dynamics of Nucle-
otide-Bound COQ8A

(A) Surface representations of COQ8ANA2%4
R611K bound to AMPPNP (PDB: 5I35), colored by
domains (see Figure 3l). Two hydrophobic pockets
(KxGQ pockets 1 and 2) are highlighted.

(B) Surface representation of apo COQ8ANA?%4
(PDB: 4PED).

(C) Surface representation of PKA (PDB: 1ATP)
(Knighton et al., 1991).

(D) Representative snapshots of MD analyses of
COQ8A showing interactions of D488 with either
R611 or the KxGQ motif. Left: apo; middle and
right: MgATP-bound.

See also Figure S5.
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CoQ deficiencies have an extraordinary
range of tissue specificities and clinical
severities for unknown reasons (Lared;]
et al.,, 2014). Variable expression of
COQ8A and COQ8B likely influences
this clinical heterogeneity. Second,
CoQ biosynthesis has many bioche-
mical knowledge gaps, including prote-
ins of unknown molecular function.
These CoQ-associated proteins could
support the pathway directly and spe-
cifically or, alternatively, indirectly as
part of a broader biological function.
The biochemical function of COQ8A is
particularly difficult to define because,
as we demonstrated here, it has
complex functionalities outside of the
canonical protein kinase model (Fig-
ure 6A). Completely defining the biochemistry of CoQ
biosynthesis could lead to new strategies for treating CoQ
deficiency.

Our results provide biological and biochemical evidence that
mammalian COQ8A and yeast Coq8p function similarly by
directly and specifically supporting CoQ biosynthesis through
maintenance of complex Q. These results, in combination with
phylogenetic analyses, led us to rename ADCK3 and ADCK4
as COQ8A and COQ8B, respectively. This nomenclature pro-
vides more functionally descriptive names and properly desig-
nates them as co-orthologs of Coq8p.

D488 flip /
- m Q279
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p
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A Mouse Model of Moderate CoQ Deficiency

Generating animal models for studying CoQ deficiency is difficult
because Cog gene knockouts are often embryonic lethal (Licitra
and Puccio, 2014). Here, in contrast, we demonstrated that lack
of COQ8A in mice results in a mild phenotype with progressive
cerebellar ataxia, mild exercise intolerance, and moderate CoQ
deficiency (Figure 6B), recapitulating the more frequent features
of ARCA2 (Auré et al., 2004; Barca et al., 2016; Gerards et al.,
2010; Horvath et al., 2012; Lagier-Tourenne et al., 2008; Mignot
et al., 2013; Mollet et al., 2008). Thus, this work establishes
Cog8a~~ mice as a valid model system for studying ARCA2
and testing potential treatments.



Table 1. X-Ray Data Collection and Refinement Statistics

Data Collection

Space group C121

Cell Dimensions

a, b, c(A)

a, B, v ()
Resolution (A)

150.05, 59.12, 97.69
90, 97.69, 90
39.42-2.30 (2.38-2.30)°

G 0.088 (1.068)
/ol 15.6 (1.9)
Completeness (%) 99 (100)
Redundancy 7.4 (7.6)
Refinement

Resolution (A) 39.42-2.30
No. reflections 19,830 (1,940)
Rworiv Riree 0.184/0.259
No. Atoms

Protein 3,105
Ligand/ion 31

Water 26

B factors

Protein 72.4
Ligand/ion 74.8

Water 68.8
Root-Mean-Square Deviation

Bond lengths (A) 0.024

Bond angles (°) 2.2
Ramachandran Plot (%)

Favored 94

Allowed 5

Outliers 1

#The highest resolution shell is shown in parentheses.

The pathophysiologies of cerebellar ataxias are diverse (Wolf
and Koenig, 2013). Similar to other ataxia models (Custer et al.,
2006; Maltecca et al., 2009; Stankewich et al., 2010), Cog8a™'~
mice displayed dark degenerating PCs, while other cerebellar
cells were spared. Our biochemical studies showed a deficit of
complex Q proteins but normal cerebellar CoQ levels. PCs
account for a small fraction (<0.1%) of cerebellar cells (Lange,
1975), and a PC-specific CoQ deficiency could be masked by
other cells. Unexpectedly, Cog8a~'~ PCs displayed Golgi
morphology defects, but normal mitochondria. Golgi pathology
is a hallmark of neurodegenerative diseases including Parkin-
son’s disease and amyotrophic lateral sclerosis (Sundaramoor-
thy etal., 2015). The Cog8a~'~ Golgi defects could be secondary
to mitochondrial CoQ deficiency or, alternatively, due to defec-
tive Golgi CoQ biosynthesis, which is biologically important
(Mugoni et al., 2013). Golgi defects could in turn disrupt intracel-
lular protein trafficking and thus PC electrophysiology. Our
Cog8a~'~ mice provide a model system to study CoQ produc-
tion across different organelles, cells, and tissues.

Organism-wide, loss of COQ8A has complex, tissue-specific
effects. Cog8a—'~ skeletal muscle is significantly deficient in

complex Q and in CoQ, and Cog8a™~ mice have low exercise

fitness. However, CoQ and complex Q were also affected across
Coq8a~'~ tissues that do not have obvious biological pheno-
types. Tissue-specific variability in COQ8A and COQ8B expres-
sion could contribute to these differential effects. Indeed, the two
tissues most affected by loss of COQ8A, cerebellum and skeletal
muscle, show low expression of COQ8B (Figures ST1H, S1M, and
S1N). In contrast, the kidney, which is relatively unaffected by
loss of COQ8A (Figure S2D), shows high COQ8B expression
(Figures STM and S1N). More distantly related COQ8A/B homo-
logs (ADCK1, ADCK2, and ADCKS5) could also play a role.
Cell-type-specific differences in CoQ transport and uptake
(Anderson et al., 2015) could further complicate the relationship
between complex Q abundance and CoQ abundance. Our pro-
teomics and phosphoproteomics results provide a resource for
continued investigation of the tissue-specific effects of COQ8A
deficiency.

Unorthodox Activity of UbiB Family Kinases

Initially, COQ8A was predicted to be a protein kinase with a
non-essential regulatory role in CoQ biosynthesis. However,
our results argue against the canonical protein kinase model
and instead support a uPKL functionality for COQ8 (referring to
both mammalian COQ8A/B and yeast Coq8p, which we propose
to function through the same fundamental mechanisms). Thus,
our work adds COQ8 to an expanding list of PKL superfamily
members with non-canonical activities that are central to their
biological functions (Kung and Jura, 2016).

The precise molecular mechanism by which COQ8 enhances
complex Q activity to support CoQ biosynthesis is not yet fully
resolved. However, our past (Stefely et al., 2015) and present
work shows that COQ8’s endogenous function requires
adenine nucleotide binding, a conserved active site that cata-
lyzes phosphoryl transfer, and the UbiB-specific KxGQ motif.
Our results support at least two potential uPKL activities that
incorporate these features (Figure 6A): (1) ATPase activity that
enhances complex Q interactions or supports complex Q
assembly and (2) small-molecule kinase activity that phosphor-
ylates a complex Q component (e.g., a CoQ intermediate or
cofactor), which would support both the stability and the activ-
ity of complex Q.

Rigorously defining which uPKL functional model operates
in vivo will require extensive work, but our results establish
biochemical uPKL activities of COQ8 that are more likely
important for its endogenous function than its in vitro cis
autophosphorylation activity. Mutating the lysine of the UbiB
family-specific KxGQ motif provides a particularly informative
perturbation, because it enhances cis autophosphorylation but
inhibits other COQ8 activities, including support of in vivo
respiratory metabolism, CoQ production, complex Q stability,
ATPase activity (which could be indicative of small molecule
kinase activity), and lipid CoQ intermediate binding.

The ability of Cog8p to bind CoQ intermediates provides an
important addition to its known molecular functions. Interest-
ingly, OPP is the intermediate that accumulates in AubiB
E. coli (Cox et al., 1969; Poon et al., 2000), which lack the
prokaryotic coq8 homolog, and hexaprenylhydroxybenzoate
(an OHB analog) is the intermediate that accumulates in Acog8
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Figure 6. A Model for the Molecular Basis of
COQ8 Biology

(A) Models for the molecular activity of COQ8
(COQ8A/B and Coqg8p).

(B) Models for COQ8A biology and its disruption in
ARCA2.
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yeast. Although we have not yet observed COQ8-dependent
phosphorylation of OPP or OHB, potentially because of product
lability, a lipid CoQ intermediate could bind to KxGQ pocket 1 as
a kinase substrate. Phosphorylation of a CoQ intermediate could
potentially make it more accessible to enzymes peripherally
associated with the lipid membrane or create a protecting group
to maintain the intermediate in a reduced or energetically
charged state for a particular biosynthetic reaction (e.g., the
C2 methylation catalyzed by COQ5). Alternatively, or in addition,
an isoprenoid lipid could bind to KxGQ pocket 2 as an allosteric
regulator of COQ8 activity.

Together, our work supports a model wherein the uPKL func-
tionality of COQ8, which involves interactions with both CoQ
intermediates and the protein COQ5, enhances complex Q sta-
bility and activity to support CoQ biosynthesis and various in vivo
functions (e.g., skeletal muscle function and PC function in the
case of COQ8A) (Figure 6B). More broadly, our work on COQ8
provides a molecular foundation for studying the larger UbiB
family, which has diverse functions in lipid metabolism (Tan
et al., 2013), cell migration (Simpson et al., 2008), and tumor
cell viability (Brough et al., 2011; Wiedemeyer et al., 2010).
Because all UbiB family members have a KxGQ motif and a
predicted KxGQ domain, which we have shown to play a central
role in the uPKL functions of COQ8, we predict uPKL function-
ality to be conserved throughout this ancient protein family.

Collectively, this work establishes a robust mammalian model
system for studying neurodegeneration, muscle disorders, po-
tential treatments, and the complex effects of CoQ deficiency
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tests. Sex- and age-matched mice were used

in experiments in accordance with national
ethical rules. Primary myoblasts were generated from hindlimb muscle of
mice aged 7-9 days.

Microscopy and PC Electrophysiology

Forimmunohistochemistry (IHC) and transmission electron microscopy (TEM),
mice were perfused with 4% paraformaldehyde. For IHC, tissues were either
frozen or paraffin embedded. For TEM, tissues were fixed in 2.5% glutaralde-
hyde, postfixed in 1% osmium tetroxide, and embedded in Epon. For PC
electrophysiology, mice were decapitated under isoflurane anesthesia, acute
330-um-thick cerebellar slices were prepared, and extracellular recordings of
individual PCs were performed using 15-30 MQ pipettes.

CoQ Quantitation and Lipidomics

Lipids were extracted from tissue homogenates with organic solvents. For
targeted CoQ measurements, lipids were separated by LC and quantified by
electrochemical detection using CoQg as an internal standard. For unbiased
lipidomics, lipids were separated, identified, and quantified by LC-MS/MS
performed on a C18 column coupled to a Q Exactive Focus mass spectrom-
eter by a heated ESI source.

Proteomics and Phosphoproteomics

Proteins from lysates were digested into peptides, labeled with isobaric tags,
and fractionated by strong cation exchange. Phosphopeptides were enriched
by immobilized metal affinity chromatography (IMAC). LC-MS/MS was
performed on a C18 column coupled to an Orbitrap Elite mass spectrometer
by a nanoESI source.

In Vitro Kinase and ATPase Assays

8His-MBP-[TEV]-Coq8N*4' was expressed in E. coli and purified using cobalt
IMAC resin, tobacco etch virus (TEV) cleavage, and a second subtractive IMAC
purification to remove 8His-MBP and isolate Cog8M**'. For kinase assays,
unless otherwise indicated, Cog8™**" (4 uM), MBP-Coqg8N**" (4 M), or PKA



(4 pM) was mixed with [y->2PJATP (0.25 pCi/uL, 100 pM [ATPlcta), MgCln
(20 mM), and substrate proteins and incubated (30°C, 60 min) (final concentra-
tions). Reactions were quenched with 4 x LDS buffer, [y->2P]JATP was sepa-
rated from Cog8N**! by SDS-PAGE, and the gel was stained, dried, and
imaged. For ATPase assays, Cog8"**' (2 uM) was mixed with ATP (0-2 mM)
and phosphate detection reagents and incubated (22°C).

Identification of Lipids Bound to Coq8p

8His-MBP-Coq8N*4" was expressed in E. coli and isolated by cobalt IMAC.
Lipids were extracted with CHClz/MeOH (1:1, v/v) and analyzed by unbiased
LC-MS/MS.

Protein Co-immunoprecipitation

COQB8A-FLAG was expressed in HEK293 cells and immunoprecipitated with
anti-FLAG M2 beads. Co-purifying proteins were digested into peptides with
trypsin and analyzed by label-free quantitation LC-MS/MS.

Protein Crystallization

Crystals of selenomethionine-labeled COQ8AN*25* R611K were obtained by
hanging drop vapor diffusion using 2 ul of 0.2 mM COQ8A, 2 mM AMPPNP,
4 mM MgCl, mixed with 2 pl of reservoir solution, 26% sodium acrylate
5100, 20 mM MgCl,, and 100 mM NaHEPES (pH 7.5). Crystals were cryopre-
served by increasing the sodium acrylate 5100 concentration to 30%.
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