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Ubiquinone (UQ), a.k.a. coenzyme Q, is a redox-active lipid that participates in several cellular processes, in par-
ticular mitochondrial electron transport. Primary UQ deficiency is a rare but severely debilitating condition.
Mclk1(a.k.a. Coq7) encodes a conserved mitochondrial enzyme that is necessary for UQ biosynthesis. We engi-
neered conditional Mclk1knockout models to study pathogenic effects of UQ deficiency and to assess potential
therapeutic agents for the treatment of UQ deficiencies. We found that Mclk1knockout cells are viable in the total
absence of UQ. The UQ biosynthetic precursor DMQg accumulates in these cells and can sustain mitochondrial
respiration, albeit inefficiently. We demonstrated that efficient rescue of the respiratory deficiency in UQ-
deficient cells by UQ analogues is side chain length dependent, and that classical UQ analogues with alkyl
side chains such as idebenone and decylUQ are inefficient in comparison with analogues with isoprenoid
side chains. Furthermore, Vitamin K2, which has an isoprenoid side chain, and has been proposed to be a mito-
chondrial electron carrier, had no efficacy on UQ-deficient mouse cells. In our model with liver-specific loss of
Mclk1,alarge depletion of UQ in hepatocytes caused only amild impairment of respiratory chain functionand no
gross abnormalities. In conjunction with previous findings, this surprisingly small effect of UQ depletion indi-
cates a nonlinear dependence of mitochondrial respiratory capacity on UQ content. With this model, we also
showed that diet-derived UQ¢ is able to functionally rescue the electron transport deficit due to severe endogen-
ous UQ deficiency in the liver, an organ capable of absorbing exogenous UQ.

is similar to that in yeast, although many details remain to be
worked out.
In the last two decades, a growing number of human patients

INTRODUCTION

Ubiquinone (UQ), also known as Coenzyme Q (CoQ), is a lipid

composed of a redox-active benzoquinone ring conjugated to an
isoprenoid side chain. It is found in all cells, from bacteria to
mammals, and in the membranes of most or all organelles
where it participates in a variety of cellular processes. The best-
known function of UQ is to act as an electron carrier in the mito-
chondrial respiratory chain, where it serves to transport electrons
from Complexes I and II as well as from other mitochondrial
dehydrogenases to Complex III (1,2). Moreover, reduced UQ
is an important antioxidant in cell membranes and lipoproteins
(3). UQ has also been shown to play a role in plasma membrane
electron transport, regulation of the mitochondrial permeability
transition pore and pyrimidine nucleotide biosynthesis (4—6).
Furthermore, an effect of UQ administration to improve endo-
thelial dysfunction has been reported in human patients (7,8).
Presently, 11 genes (COQ1-9, YAHI and ARHI) are known to
act in the UQ biosynthetic pathway of the budding yeast Sac-
charomyces cerevisiae (9,10). UQ biosynthesis in animal cells

with mitochondrial myopathy showing deficiencies of UQq
have been identified (11-21) (the subscript denotes the
number of isoprenoid units in the side chain; UQ is the main
species in humans but UQq is the main species in mice).
Primary UQ, deficiency caused by an inherited defect in UQ
biosynthesis, as opposed to secondary complication of other dis-
eases, is a rare and devastating disease that often presents with
multisystem disorders and has a high mortality rate if not
treated effectively. To this time, mutations in seven of the nine
genes encoding proteins required for the final phase of UQ ¢ bio-
synthesis inside mitochondria have been reported (reviewed in
22) and more can be expected to follow. Despite these advances,
some fundamental questions about the disease remain un-
answered. In particular, primary UQ deficiency, like most mito-
chondrial disorders, often presents with very heterogeneous
clinical manifestations (reviewed in 22-24), for which little
other than speculations are offered. Moreover, its precise
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pathogenic mechanisms remain to be fully understood. Under
UQ deficient states, diverse biochemical alteration, including
impaired energy production, oxidative stress, impaired pyrimi-
dine biosynthesis and increased mitophagy, have been observed
and implied as possible pathogenic mechanisms (15,25-27).
Endogenous UQ deficiency is a potentially treatable condition
and some clinical cases have been reported to respond to UQ sup-
plementation treatments (11,13,17—19). However, findings on
the effectiveness of UQ supplementation have been inconsistent
(14,16,19,21,28). Development of effective UQ replacement
therapies and a proper investigation of their efficacy are still im-
portant but challenging tasks. Furthermore, given the antioxi-
dant and respiratory functions of UQ and the implication of
mitochondrial dysfunction and oxidative stress in aging, UQ
has been marketed as an anti-aging supplement, in spite of
very limited scientific evidence to support such use.

The conserved gene that encodes the mitochondrial enzyme
that catalyzes the penultimate step of the UQ biosynthetic
pathway, the hydroxylation of 6-demethoxyubiquinone
(DMQ) to form 6-hydroxyubiquinone, is called COQ7 in
yeast, clk-1 in nematodes, Mclkl or Coq7 in mice and COQ7
in humans (29-32). Contrary to yeast cog7 null mutants,
which accumulate the product of an early step of UQ synthesis
(33), the losses of CLK-1 in nematode and MCLK1 in mice
produce accumulation of the actual substrate of the mutated
enzyme, DMQy (30,34,35). We previously have shown that
mutations in clk-1 and Mclk1 give rise to a wide range of pheno-
types in both organisms, including extended longevity when
viable (26,36,37). Interestingly, clk-1 mutants are the only UQ
biosynthesis-deficient C. elegans mutants that can be maintained
as a homozygous line if fed a UQ-replete bacterial diet, all other
null mutations in coq genes described so far are lethal (38—42).
The key factors that distinguish c/k-/ mutants from other cog
nematode mutants and the relation between c/k-1 phenotypes
and the accumulation of DMQy have not yet been fully eluci-
dated. In the mouse, full knockout of Mclkl results in }Jrenatal
death (30,31). Mice heterozygous for Mclkl (Mclkl™ ™) look
superficially normal but on closer examination demonstrate a
variety of biochemical and phenotypic abnormalities
(26,37,43). In the most recent study of Mclkl +~ mice, UQ
levels in whole liver mitochondria were found to be unaltered,
but UQ levels in purified inner mitochondrial membranes
(IMM), where the last eight steps of UQ biosynthesis are
carried out, were found to be lowered (44). Mclkl™ ~ mitochon-
dria were also found to have unexpected elevated levels of UQ in
the outer mitochondrial membrane. These findings led to the
conclusion that even a partial loss of MCLK 1 function has a sig-
nificant effect on UQ production and that MCLK1 is a rate-
limiting enzyme in the UQ biosynthetic pathway (44). Most
likely, a wvariety of biochemical alterations observed in
MelkI™ ™ mice, such as respiratory chain deficiency, decreased
ATP production, elevated mitochondrial oxidative stress and
increased expression of HIF-1a, stem from decreased levels of
UQ in the IMM which is the site of oxidative phosphorylation
(OXPHOS) in eukaryotes.

COQ9 is one of the genes in which mutations have been iden-
tified in patients with primary UQ;, deficiency (21). The exact
biochemical function of COQ9 protein in UQ biosynthesis is
unknown, but, intriguingly, loss of COQY expression appears
to impair UQ biosynthesis by reducing COQ7/MCLKI1 levels
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(45). Yeast coq9 mutants (46,47), a human patient with a
lesion in the COQ9 gene (21), as well as a recently described
Cog9 mouse mutants carrying a mutation similar to that found
in humans (45), display DMQ accumulation along with a
severe deficit in UQ levels.

The structure of UQ is conserved from bacteria to vertebrates.
It is unknown how its structure exactly determines its functions
and whether some of the UQ biosynthesis intermediates have an
activity and hence may contribute to the clinical manifestations
ofa given genetic defect in the biosynthetic route of UQ. Rhodo-
quinone which has an amino group on the benzoquinone ring in
place of one of the methoxy groups of UQ, and which is not found
in vertebrates, can function as an electron carrier between
Complex I and fumarate reductase in some parasitic species
under low oxygen conditions (48). Vitamin K2, which contains
anaphthoquinone ring and an isoprenoid side chain, has recently
been proposed to be capable of acting as an electron carrier in
Drosophila mitochondria (49). DMQ differs from UQ by
missing one of the two methoxy groups on the benzoquinone
ring. It is yet uncertain how lacking the C6-methoxy group of
the ring affect UQ functions, in other words, whether DMQ is
capable of fulfilling or interfering with some of the functions
of UQ. We previously found that cultured embryonic stem
(ES) cells from Mclkl knockout mice in which DMQg is the
only detectable quinone are viable and possess significant re-
spiratory activity, suggesting a possible functionality of DMQy
as a respiratory substrate (30). Supporting this notion is the ob-
servation that synthetic DMQ, can serve as an electron acceptor
for respiratory complexes after addition to a mitochondrial prep-
aration from clk-1 worms (34). However, findings that conflict
with this notion have also been reported. Yeast coq7-1 mutants
lacking UQg and producing DMQg are respiration-defective
(50), arguing against the ability of DMQ to functionally substi-
tute for UQ in the respiratory chain, at least in the yeast S. cere-
visiae, which possesses no Complex I. In worms, c/k-/ mutant
mitochondria have only mildly decreased mitochondrial respir-
ation (51,52). However, in addition to DMQy, other quinone
species (dietary UQg and endogenous rhodoquinone) have
been observed to be present in clk-Iworms (53,54) and they
could be responsible for at least some of the mitochondrial elec-
tron transport in those mutants. Interestingly, addition of a
pentane extract from c/k-/ mitochondria (containing DMQy) to
UQqo-replete mitochondria partially inhibits Complex I 4 IIT ac-
tivity, but not Complex II 4 III (55), indicating a possible site-
specific interference of DMQ with UQ function. It is not yet
known if any such effect exists in vivo.

RESULTS

Generation of a mouse line with a floxed Mclk1
allele for conditional knockout

As germline deletion of Mclk1 leads to prenatal lethality (30,31),
we generated conditional Mclkl knockout mice in which exons
2 and 3 are flanked by loxP sequences to allow for excision with
Cre recombinase (Fig. 1A). Mice homozygous for the loxP-
flanked Mclkl allele (Mclk1"*""**") develop normally and are
indistinguishable from wild-type littermates. We obtained total
deletion of the loxP-flanked (floxed) region by crossing to a
transgenic line in which Cre is expressed in the germline (56).
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Figure 1. Generation of MEFs 1acking MCLKI. (A) Schematic illustration of the conditional Mclk! allele. A loxP/FRT-flanked Neo cassette (NEO, yellow) is inserted
upstream of exon 2. A third loxP site is inserted downstream of exon 3. Exons are shown as blue boxes, and loxP sites are shown as orange triangles. Primers #1 and 2
were used to dlstmgulsh the conditional (Mclk1'" allele and wild- -type allele, whereas PCR using primers #2 and 3 reveal the presence or absence of the recombined
allele (MclkI?). (B) Deletion efficiency in Mclk1"*""**" MEFs infected with pBabe-puro-Cre retrovirus. The recombined allele (A) butnot the floxed allele (loxP) was
detected by PCR in Mclkl"""**F MEFs infected with Cre-expressing retrovirus (+). The results of the RT-PCR show loss of Mclk] mRNA expression in
Cre-expressing MEFs. 3-Actin was used as RT-PCR control. Western blot (WB) indicates that MCLK1 protein is absent in Cre-expressing MEFs. Mitochondrial
outer membrane protein Porin served as loading control. (C) HPLC traces of quinone extracts recorded at 275 nm. DMQy is the only detectable quinone in Mclkl
knockout MEFs (MclkI**-Cre). The UQ, concentration in control cells (Mclk1"*""**" MEF lines infected with empty retroviral vector; Mclki""**" -EV) is
shown (normalized to protein content). (D) Growth curves of the indicated MEFs. Cells were seeded in triplicates in 48-well plates and viability was determined
at the indicated time points with alamarBlue Assay. Cell viability is reported as the difference in absorbance at the two wavelengths (4570 nm—A4600 nm) Which
changes with the number of living cells. Each growth curve represents three Mclkl loxP/loxP \IEF lines infected with either Cre-expressing retrovirus or retrovirus
alone. No significant difference in proliferation rate is observed between Mclk I knockout and control MEFs. (E) MitoTracker Green staining shows a typical reticular
network of mitochondria in knockout MEFs. Scale bars = 20 pm.

This generated mice having a full knockout of one copy of Mclkl
(Mclkl A ). As expected from the embryonic lethal phenotype of
the published Mclkl-null mutants (30,31), no viable Mclkl A
pups were obtained from intercrosses of Mclkl ™ heterozygotes
(data not shown).

Generation and viability of Mclk1 knockout mouse
embryonic fibroblasts

We generated Mclk-null mouse embryonic fibroblasts (MEFs)
by retroviral expression of Cre recombinase (pBabe-Puro-Cre)



in MEFs derived from conditional Mclk1"*""**" mice. As con-
trols, we used the same MEF lines infected with an empty pBabe-
Puro vector (Mclkl"™""*"_EV). Inactivation of the floxed
Mclkl allele upon infection with Cre-expressing retrovirus was
analyzed by PCR amplification of intact or recombined Mclkl.
Figure 1B shows that the recombined but not the floxed Mclkl
allele was detected in Cre-expressing MEF cells. Moreover,
RT-PCR analysis and an anti-MCLK 1 immunoblot verified the
absence of MCLK1 expression in those cells (Fig. 1B). These
results confirmed that the conversion of the floxed Mclk! allele
(‘loxP’)into the deleted form (‘A”) was virtually complete (here-
inafter referred to as Mclk1/3-Cre MEFs). As anticipated, UQo,
which is the primary isoform of UQ produced in the mouse, was
undetectable in Mclkl**-Cre MEFs. Instead, they showed accu-
mulation of the substrate of the missing enzyme,
demethoxyubiquinone-9 (DMQy), at levels very similar to
those of UQy in control cells (Fig. 1C). Reintroduction of wild-
type Meclkl into MclkI**-Cre cells restored the biosynthesis
of UQo, while mutated Mclkl cDNA containing a point mutation
equivalent to the Glu-to-Lys substitution in the C. elegans
clk-1(e2519) allele was found to produce a mutant MCLK1
protein lacking DMQ hydroxylation activity (Supplementary
Material, Fig. S1).

Without added exogenous UQ, MclkI“*-Cre MEFs were fully
viable and exhibited no growth defect when cultured in standard
culture media [Dulbecco’s modified Eagle’s medium (DMEM)
with 4.5 g/l glucose and 10% fetal bovine serum (FBS)]
(Fig. 1D). We also did not observe any obvious morphologic dif-
ferences between MclkI“*-Cre and control fibroblasts. In order
to rule out the possibility that the viability of Mclkl 44_Cre MEFs
relies on atrace amount of UQ that may be present in FBS, we cul-
tured them in medium supplemented with lipid-stripped FBS and
a chemically defined lipid mixture containing no UQ. No appar-
ent difference was noted between the cells grown in the presence
of normal FBS and those cultured in the media containing chem-
ically more defined lipids. Thus, we conclude that MclkI-null
MEFs producing no UQ are indeed viable and can proliferate
in vitro.

Impaired respiratory chain function in knockout fibroblasts

Staining of Mclk1“"*-Cre fibroblasts with the mitochondrial dye
MitoTracker Green revealed a typical reticular network of mito-
chondria, indicating the mutant cells contain intact mitochondria
(Fig. 1E). To determine the overall activity of the mitochondrial
respiratory chain, we measured oxygen consumption of intact
Meclk1**-Cre and control vector-transfected fibroblasts. The
knockout cells were found to respire oxygen but at a slower
rate than their counterparts. Both basal and uncoupler (FCCP:
carbonylcyanide-p-trifluoromethoxyphenylhydrazone)-stimul-

ated oxygen consumption rates (OCR) reached to about 50% of
the control level (Fig. 2A). Addition of the Complex IV inhibitor
cyanide to cell suspension resulted in a complete inhibition of
oxygen consumption, confirming that the detected oxygen con-
sumption was predominantly of mitochondrial origin. In order to
localize the respiratory defect, we next measured the activities of
respiratory chain complexes. The activities of Complex II and
Complex II + Il'in Mclkl 4A_Cre mitochondria were found sig-
nificantly decreased, while Complex I + IIl activity appeared no
different from that in control cells (Fig. 2C and D). These
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measurements were performed on MEFs after 10 passages fol-
lowing retroviral infection (with 5-fold to 10-fold dilutions at
each passage). At that time, UQ molecules present in the cells
prior to the CRE-dependent Mclkl knockout should be diluted
out of existence. Hence, we interpret these observations to indi-
cate that the accumulated DM Qo can functionally replace UQg in
the mammalian mitochondrial respiratory chain, with a higher
efficiency for Complex I-dependent respiration than for
Complex II-dependent respiration. Measurement of citrate syn-
thase (CS) activity in whole-cell lysates revealed that total CS ac-
tivity is lower in MclkI“*-Cre fibroblasts, suggesting less
mitochondrial content in those cells (Fig. 2B). Despite respiring
slowly, Mclkl 4/A_Cre MEFs showed no decrease in cellular ATP
levels compared with controls (Supplementary Material,
Fig. S2A). After incubation with the ATP-synthase inhibitor oli-
gomycin, a dramatic drop in ATP levels was noted, consistent
with the above conclusion that Mclk1“"*-Cre MEFs have a func-
tional respiratory chain.

We next examined the ability of Mclkl*-Cre MEFs to grow
in glucose-free medium containing galactose, where cells are
forced to rely mostly on mitochondrial oxidative phosphoryl-
ation to produce ATP to maintain their viability (57). While
control fibroblasts continued to grow well after sub-culture in
galactose medium, Mclkl**-Cre MEFs failed to survive with
galactose alone (Fig. 3A). Provision of exogenous UQq in the
medium can fully rescue the galactose-induced lethality
(Fig. 3B and C), suggesting the absence of UQ solely accounts
for the death in galactose medium. The absence of glycolysis sti-
mulates the rate of respiration (57,58) which is often associated
with a high production rate of radical oxygen species (ROS). To
determine whether the loss of the antioxidant function of UQ
could be at least a part of the cause of the cell death in galactose
medium, we tested whether treatment with antioxidants
N-acetylcysteine (NAC) or Trolox (a vitamin E analogue) could in-
crease the viability of Mclkl**-Cre MEFs in galactose-containing
medium. As shown in Figure 3D, their survival in galactose was not
improved significantly by the addition of NAC or Trolox, strongly
suggesting that the rescue by exogenous UQy is ascribed to its
ability to enhance respiratory function in Mclkl YA Cre cells.
Thus, it seems that, compared with UQy, DMQy is a poor substrate
for the respiratory chain and incapable of supporting a relatively
high OXPHOS activity. This is also consistent with the observation
that MclkI**-Cre MEFs appeared more sensitive to glycolysis
inhibition by 2-deoxy-d-glucose (2-DG) than controls (Supple-
mentary Material, Fig. S2B), indicating a greater reliance on
glycolysis for survival. Together, these findings suggest that
MeclkI?*-Cre fibroblasts still carry out mitochondrial respiration
but at a lower rate and with a greater dependence on glycolysis for
survival.

Effects of UQ analogues and Vitamin K2 on the respiratory
deficiency of knockout fibroblasts

In addition to UQo, we evaluated the effectiveness of several
other UQ analogues in improving mitochondrial electron trans-
port and therefore rescuing the survival of Mclkl*? 4_Cre MEFs in
galactose. In our experiments, UQ with isoprenoid tails, UQy,
UQg and UQy, greatly enhanced the survival of Mclk1?*-Cre
cells in galactose media, whereas idebenone [6-(10-hydroxydecyl)
2,3-dimethoxy-5-methyl-1,4-benzoquinone] was ineffective and
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Figure 2. Oxygen consumption and activities of mitochondrial respiratory enzymes. (A) OCR of intact cells measured polarographically. OCR is normalized to total
cellular protein. Both basal and uncoupler (FCCP)-stimulated respiration rates are lower in Mc/k! knockout (KO) MEFs in comparison with controls. Results are the
mean + SEM of three paired MEF lines. (B) CS activity in whole-cell extracts normalized to total protein. Results are the mean + SEM of five paired MEF lines.
Alower activity of CS in Mclkl KO MEFs indicates reduced mitochondrial content. (C and D) Activities of mitochondrial respiratory complexes. Mitochondria pre-
pared from Mclkl KO MEFs have normal activity of Complexes I-I1I and decreased activities of Complexes II-11I and Complex II. Results are the mean + SEM of
fourto five pairs of MEF lines. Paired #-tests were conducted to compare the measurements between control and Mclkl KOMEFs. The asterisk (*) denotes a statistically

significant difference at P < 0.05.

only a small rescue effect was seen in the cells treated with decylu-
biquinone (2,3-dimethoxy-5-methyl-6-decyl-1, 4-benzoquinone)
(Fig. 4). More recently, Vitamin K2 has been proposed as a mito-
chondrial electron carrier in Drosophila (49), so we tested whether
the respiratory defect in Mclkl AA_Cre MEFs can be rescued by ex-
ogenous application of Vitamin K2. As shown in Figure 4, we
observed no rescue of the cell lethality when supplementing galact-
ose growth medium with Vitamin K2.

Generation of liver-specific Mclkl knockout mice

Embryonic lethality of Mclkl ™'~ mice is most likely due to a
complete absence of UQ in all tissues (30,31). To investigate
the consequence of UQ deficiency in an individual tissue, we
generated liver-specific Mclkl knockout mice by crossing
Meclkl-floxed mice to Albumin—Cre (AlbCre) transgenic mice
which express Cre specifically in hepatocytes (59). To ensure a

high efficiency of generating full Mclkl knockout cells, we used
mice that carry one conditional allele of Mclkl (‘loxP’) and one
constitutive-null allele (*-”). PCR analysis for the recombined
knockout allele confirmed that the recombination occurred in
the liver but not in other tissue samples analyzed (Fig. 5A), indi-
cating that disruption of Mclkl was restricted to the liver.
RT-PCR and western blot analysis showed that MCLK1 expres-
sion was almost completely lost in the liver of Mclkl'™"~,
AIbCre+ mice, confirming successful ablation of Mclkl gene ex-
pression in the liver (Fig. 5A). The remaining trace expression is
likely confined to other, minor, liver cell types. As expected,
MCLKI1 protein levels were not reduced in the kidneys
(Fig. 5A). To our surprise, liver-specific deletion of Mclkl pro-
duced no gross abnormalities. Mclk1"""~ AlbCre+ mice (here-
after termed Mclkl"™“*° mouse) grew normally and were
indistinguishable from their control littermates (Mclk1""~ and
Meclk1""™). At 15 months of age, Mclk1"™* % mice had body
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Figure 3. Non-viability of Mclkl knockout MEFs in galactose medium and rescue by UQy. (A) Growth curves of MclkI knockout (KO) and control MEFs cultured in
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percentage of viability compared with untreated glucose-grown KO MEFs (set to 100% viability) and are the mean + SEM of three independent MEF lines. No dif-
ference was seen between untreated Mclkl KO MEFs and those treated with the testing antioxidants (ANOV A/Dunnett test).

weights similarto those of controls (Fig. 5B). Atpresent, the oldest ~ (60). In other words, the small amount of UQ detected in the
Meclk1"™* % mice have reached ~21 months. Up to thisage, there  knockout liver likely originates from a minor population of
was no significant difference in mortality between Mclkl"**"%?  AlbCre non-expressing cells such as Kupffer cells and endothe-
and control mice. Knockout livers also appeared normal at nec- lial cells. However, our current data do not rule out the possibility
ropsy (data not shown). that there remained a trace amount of UQ in MclkI-null hepato-

cytes. Consistent with liver-specific deletion, Mclk1™* % mice

showed no discernible change in kidney UQ content (Supple-
Altered UQ levels in MclkI knockout liver mentary Material, Fig. S3).

The results of quinone measurements showed that UQq levels
were greatly reduced in the liver homogenates from
MclkI™* % mice when compared with AlbCre-negative
Meclk1""~ controls. These livers also accumulated a substan-
tial amount of DMQg (Fig. 5C). The UQq content inthe knockout ~ Liver mitochondria isolated from Mclk mice showed a
liver was decreased by ~85%. This was expected given thatthe  similar degree of UQ loss as in liver homogenates. The level of
AlbCre transgene is only expressed in hepatocytes and hepato-  UQy in the knockout liver mitochondria in comparison with con-
cytes make up ~90% of the total cell mass in the mouse liver  trols (Mclk1'™" ™) was 15 + 4% at 15 months of age. DMQ,

Mild reduction in respiratory capacity in Mclkl1
knockout liver mitochondria
Ih'ver—KO
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Figure 4. Rescuing ability of various UQ analogues on galactose-induced lethality. Conditions were the same as described for Figure 3B. Cell viability is expressed as
relative percentage compared with that of wild-type control fibroblasts (Mclk! I”XP/]”XP-EV) treated at the same time with ethanol (vehicle). UQq4, UQg and UQ o butnot
idebenone, decylubiquinone and Vitamin K2, greatly improve the survival of Mclk! KO fibroblasts (Mclkl YA Cre) in galactose medium. Indicated doses are the
highest doses that did not show significant toxicity on the control fibroblasts (idebenone, decylubiquinone and Vitamin K2) or were the most effective dose
among those used in this work (UQy, UQg, UQg and UQ, (). Data are the mean values + SEM for at least three MEF lines. In each group (wild-type control or
KO), compound treatments are compared with the ethanol-treated culture using one-way ANOVA with Dunnet’s multiple comparison test. ***P < 0.001.

accumulation was observed but to a lesser degree than in liver
homogenates (Fig. 6A). Quite strikingly, the mitochondrial
preparation from Mclkl knockout liver exhibited only a mild
impairment of respiratory chain function. State 3 (maximal
ADP-stimulated) respiration rates with Complex I-linked sub-
strates were decreased by 8§ (8-month-old) to 13% (15-month-old),
whereas the rates of Complex II-supported respiration appeared to
be more affected, but still was only 14 (8-month-old) to 18%
(15-month-old) lower than that in Mclk1"*"~controls (Fig. 6B).
In the knockout mitochondria, the activities of Complexes II
and III were essentially normal, while the rate of electron transport
between the two complexes was significantly decreased, thus con-
firming the observed respiratory phenotype is due to inadequate
UQ levels (Fig. 6C). Other respiratory parameters measured, in-
cluding state 4 respiration rate, respiratory control ratio, ADP/O
ratio (Supplementary Material, Table S1) and mitochondrial aco-
nitase activity (Supplementary Material, Fig. S4), were found not
to differ between knockouts and controls. From 8 months to 15
months of age, there appeared to be a decreasing trend in state 3
respiratory rates for both control and Meclkl™* ™ ° mice
(Fig. 6B) as was previously observed in the wild-type (61).
However, the difference between the two age groups did not
reach statistical significance.

Effect of dietary UQ supplementation on respiratory
chain function

To determine whether the mild respiratory defect in Mclkl
knockout hepatocytes could be corrected by supplementation
of dietary UQ, we fed Mclk1"™*%© mice with UQ,, beginning

at 6 months ofage. We scored quinone contents after 7 months of
feeding. Both Mclkl"™**© mice and Mclkl'"™ littermates
showed an increase of total mitochondrial UQ;, content in the
liver, and no difference was evident in UQ, intake comparing
liver mitochondrial preparations from the two groups of mice
(Fig. 7A). In both groups of mice, endogenous UQq levels in
liver mitochondria were not affected by UQ;q administration
(Fig. 7A). In the liver mitochondria from untreated Mclk1"™*-*¢
mice versus Mclk1"”"* controls, we again observed decreased
state 3 respiration rates_(Fi%. 7B). More importantly, compared
with un-treated Mclk1"™* %9 mice, state 3 respiration rates of
isolated liver mitochondria were significantly higher in UQ-
supplemented knockout mice, whether measured in the presence
of Complex I or II substrates (Fig. 7B). Finally, UQ intake had
no apparent effect on state 3 respiration in phenotypically wild-
type Mclk1"" mice (Fig. 7B).

DISCUSSION

We have described the generation and characterization of condi-
tional Mclkl knockout mutants in which normal UQ biosyn-
thesis is abolished and which do not contain measurable UQ.
However, viability and lower levels of electron transport are sus-
tained by the UQ biosynthetic intermediate DMQ. We have also
shown thata severe, but nota complete, loss of UQ inmouse liver
(triggered by loss of Mclk1) produced only a mild impairment in
respiratory chain function, indicating that in animal tissues
where a relatively high respiration rate is expected, such as in
mouse liver, very little UQ is required and DMQ does not inter-
fere with UQ-mediated mitochondrial electron transport.
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Figure 5. Conditional knockout of Mclkl in liver. (A) Confirmation of Mclkl deletion in the liver of Mclk1"™*" X9 mice (Mclk1'*""~, AlbCre+). Upper panel: on PCR
analysis, the band of excised allele is observed in the liver of Mclkl™* X mice but not in other tissues or the liver of AIbCre-negative mice (Mclkl’*"~). PCR was
performed on DNA isolated from tissues of 4-month-old mice (I, intestine; Lu, lung; B, brain; M, skeletal muscle; S, spleen; K, kidney; H, heart; L, liver; T, tail) or from
the liver of MclkI'*”~ mice. RT-PCR analysis detected mRNA expression of Mclkl in the liver not expressing the AlbCre transgene, but barely in the liver of
Meclk1™*-5© mice. Expression of B-actin, used as RT-CPR control, is identical in AlbCre positive and negative mouse livers. NC is negative control. Lower
panel: western blotting analysis for the level of MCLKI1 protein in liver mitochondria shows that MCLK1 expression is lost in the liver of Mclkl fiver-KO mice, but
not changed in the kidney in comparison with AlbCre-negative Mclki"**”~ controls. The mitochondrial outer membrane protein, porin, was used as loading
control. (B) Fifteen-month-old MclkI"™**X° mice have a similar body weight to AlbCre-negative littermate controls (MclkI'*" ). Each column represents the
mean + SEM of nine mice. (C) Quinone content in Mclk! knockout liver. The columns show the mean + SEM of the peak areas for DMQg and UQg on HPLC chro-
matographs normalized to protein content. UQg concentrations expressed also as nmol/mg protein, are reduced by an average of 85% in the liver of Mclkl liver-KO mice
relative to the level in Mclk1’”~ controls. In addition, the knockout liver has substantial accumulation of DMQs and it increases with age. n = 5 littermate pairs for

4-month data and 9 littermate pairs for 15-month data. Statistical analysis was performed by the Student’s paired #-test.

Mclkl knockout fibroblasts are viable despite the complete
absence of UQ

We previously reported that Mclkl '~ mouse ES cells can be
grown in vitro without exogenous supply of UQ and possessed
appreciable respiratory chain activity (30). Unfortunately,
these findings were not conclusive, considering the unique char-
acteristics of ES cells and that only one line had ever been
obtained. In the present work, we show that the UQ biosynthetic
precursor DMQ is capable of functioning in the mitochondrial
respiratory chain of Mclkl knockout MEFs fully devoid of
UQ, albeit inefficiently, in particular in Complex I to Il electron
transport. We further found that Mclkl knockout MEFs are not
viable in glucose-free galactose-containing medium (Fig. 3A).
Galactose is metabolized through the glycolytic pathway only
very slowly. For this reason, in medium containing only galact-
ose, cells are forced to use mitochondrial oxidative phosphoryl-
ation to sustain ATP production and maintain their viability

(57,62). Thus, we interpret the inability of Mclkl knockout
MEFs to grow in galactose-only medium to a reduced rate of
ATP production by oxidative phosphorylation. This galactose-
induced lethality can be rescued by provision of exogenous
UQ (Figs 3B, C and 4), indicating that DMQ is a less efficient
respiratory substrate than UQ and that the C6-methoxy group in
the UQ ring is important for its electron transport function in the
respiratory chain. Of note, studies on skin fibroblasts from
patients with UQ deficiency have demonstrated that the viability
of these cells is essentially preserved under forced oxidative
metabolism in galactose medium (25,63), likely because their
UQ deficiency is not as profound as that in Mclkl knockout
MEEF. In the future, it would be of interest to carry out further
research to identify the threshold of UQ deficiency-induced re-
spiratory depression below which cells will cease to function
and die. Furthermore, in vitro studies with a combination of
null mutants of UQ biosynthetic genes will be necessary to
completely rule out any contribution of potential residual
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Figure 6. Mitochondrial respiratory chain function in MclkI knockout liver. (A) Liver mitochondria of MclkI"™*“%© mice (Mclk1'™*"'~, AlbCre+) exhibit accumu-
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amild reduction in mitochondrial state 3 respiration rates. State 3 respiration rates with Complex I-linked substrates, glutamate plus malate, are 8% (8-month-old) to
13% (15-month-old) lower than their respective littermate controls (Mclkl loxP/=y Complex II-dependent respiration, measured with succinate plus rotenone, is
decreased by 14% (8-month-old) to 18% (15-month-old). In both control and knockout liver, there seems to be a trend toward a decrease with age, but it is not statistical
significant. Columns represent mean values + SEM of eight to nine mice per group. (C) Enzymatic activities of respiratory complexes in isolated liver mitochondria.
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UQs tested, UQo, which is the main naturally occurring form of
UQ in mice, appears to be most effective (Fig. 4), demonstrating
a great sensitivity to side chain length. However, the mechanistic
significance for this sensitivity is unknown. Idebenone, a syn-
thetic UQ analog which carries exactly the same benzoquinone
moiety as UQ and a short hydroxyalkyl side chain, fails to
rescue the respiratory growth of Mclkl knockout fibroblasts, in-
dicating that it cannot replace endogenous UQ in the respiratory

endogenous UQ biosynthesis to the active respiration of Mclkl
knockout cultures.

Mclkl knockout fibroblasts is a new tool for testing the
functionality of UQ analogues in the mammalian
respiratory chain

Mclkl knockout MEFs in galactose provide an excellent model

system to evaluate the efficacy of various UQ analogues in pro-
moting the function of the mammalian respiratory chain. We
show that exogenously applied UQs with isoprenoid side
chains effectively improve the respiratory chain activity of
Mclkl knockout MEFs (Figs 3B and 4) and among the isoprenoid

chain. This is consistent with studies on human patient fibro-
blasts with reduced UQ levels (64) and clinical reports that
showed a poor efficacy of idebenone in treatment of profound
UQq deficiency (28,65). Idebenone has been suggested to pene-
trate better than UQ into tissues and mitochondria (66).
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Figure 7. Effects of oral UQ;, supplementation on mitochondrial UQ levels and state 3 respiration rate in the liver. (A) UQ;( administration increases the levels of
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However, it is a poor electron acceptor for Complex I activity It has been shown to be ineffective at restoring aerobic respir-
(67). Its therapeutic effects reported on some disease conditions  ation in UQg-deficient yeast (70), but in cultured human cells
(68,69) are most probably due to its antioxidant activity. Similar ~ with decreased synthesis of UQ, an increase in cellular respir-
to idebenone, decylUQ has an alkyl side chain, but ends with a  ation was seen after treatment with dycelUQ (71). In our experi-
methyl group, conferring a relatively high hydrophilicity. ments, we observed only a very small rescue effect when
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decylUQ was added to galactose-grown MclkI knockout culture
(Fig. 4). Given the ability of decylUQ to serve as an efficient
electron transporter in mitochondrial homogenate, the poor
rescue observed with decylUQ is likely due to its limited accu-
mulation in the inner membrane of mitochondria when applied
exogenously. We further tested whether Vitamin K2 is able to
rescue the respiratory chain deficiency of MclklI knockout fibro-
blasts. Vitamin K2 is a quinone having a naphthoquinone struc-
ture and an isoprenoid chain. In Drosophila, it has recently been
proposed that Vitamin K2 can improve the mitochondrial elec-
tron transport leading to increased ATP production by acting
as an electron carrier (49). However, we found that addition of
Vitamin K2 to galactose medium failed to rescue Mclkl knock-
out MEFs from death (Fig. 4). This finding suggests that Vitamin
K2 cannot (at least not efficiently) substitute for UQ to mediate
electron transport in mammalian mitochondria.

Liver mitochondrial function has a high tolerance
to severe UQ deficiency

To our sug)rise, we found that liver mitochondria from
Melk1"™ %€ mice exhibited only a mild reduction (<20%) in
state 3 respiration for both Complex I and Complex II substrates
(Fig. 6B), although only ~15% of the cells in the liver are not
hepatocytes. Thus, we measure much more respiration (~80%
of wild-type) than could be accounted for by the 15% of non-
hepatocytes. This means Mclkl knockout hepatocytes still
respire at fairly high level. In line with this, Mclkl"™* %9 mice
showed no overt abnormalities. Our finding is in agreement
with an earlier study that showed that livers from animals with
liver-specific loss of Pdss2 (UQ biosynthetic gene required for
the synthesis of isoprenoid side chain) had no detectable UQ,
but exhibited >60% state 3 respiratory capacity (72). Although
we cannot rule out the possibility that the accumulated DMQy
contributes to the mitochondrial electron transport activities in
Mclkl knockout hepatocytes, the very low respiratory capacity
of Mclkl knockout MEFs that are supported solely by DMQo,
suggests that the DMQy in the knockout liver can only have a
minor contribution to the high respiratory capacity observed.
This apparent insensitivity of hepatic mitochondrial respir-
ation to severe UQ deficiency is very intriguing. Recent work
from our laboratory showed that a mild decrease of UQ in the
IMM in the liver of Mclkl heterozygous mice (MclkI™ ™) was
sufficient to induce mitochondrial dysfunction (26,44). Given
that much more severe depletion of UQ is not followed by a
much greater inhibition of the respiratory chain function, it
seems that there is a nonlinear dependence of mitochondrial re-
spiratory capacity upon UQ content. One reason might be a non-
linear relationship between UQ levels and ROS production.
MeclkI™ ™ mitochondria showed increased mitochondrial gener-
ation of ROS (26), which may cause damages to respiratory com-
plexes and hence further handicap the respiratory chain function,
whereas both Mclkl (Supplementary Material, Fig. S4) and
Pdss2 knockout livers (73) showed no overproduction of ROS
as indicated by the normal activity of mitochondrial aconitase.
A nonlinear relation between the degree of UQ deficiency and
mitochondrial ROS production has been described for patient
fibroblasts with varying severity of UQ; deficit. In particular,
mutant fibroblasts with moderate deficiency (30—50% UQ)
produce maximal oxidative stress, while <20% residual UQ;,

is not associated with increased oxidative stress (25,63,74). The
complexes of the mitochondrial respiratory chain can assemble
into supermolecular structures called supercomplexes which
allow more efficient and rapid electron transfer as opposed to a
random collision model (75,76). Supercomplex formation is
thought to be a very dynamic process and of great importance
for regulation of mitochondrial bioenergetics and controlling
ROS production (77). It is reasonable to speculate that when
UQ deficit is too severe, mitochondrial respiratory chain aug-
ments electron transport via the respiratory supercomplexes, en-
abling more efficient transport of electrons and less production
of ROS. However, in both MclkI (Fig. 6B) and Pdss2 liver knock-
outs (72), Complex II respiration which does not involve super-
complexes is only slightly more affected than respiration via
complex I for which the I-III-1V supercomplex is an important
unit. From these findings, it is unlikely that a compensatory in-
crease in supercomplex levels accounts for the high level of re-
spiratory function in those UQ deficient mutants. Future studies
comparing the tissues that are sensitive to UQ depletion to non-
sensitive tissues, such as the liver, may reveal the composition
and/or functional features of the respiratory chain that govern
the variation in its requirement for UQ. It is noteworthy that in
general there is a low prevalence of liver involvement in
primary UQq deficiencies (22) which could be explained by a
relatively low sensitivity to UQ deficiency in the liver.

It is very interesting that at 15 months of age (the last time
point examined), Mclkl knockout hepatocytes still appeared to
contain residual UQ. Similarly, Pdss2 conditional knockout
livers also seemed to not have lost UQ completely at the age of
8 months, as judged by their mitochondria’s ability to still
respire at 60% of normal level (72). These observations are in
stark contrast to our in vitro observation on Mclkl knockout
MEFs in which UQ is rapidly depleted after excision of the
floxed Mclkl alleles. One likely explanation is a difference in
cell division rate. When compared with Mclkl knockout
mouse liver, in vitro cultured Mclkl knockout fibroblasts prolif-
erate more quickly which can result in fast dilution of the initial
UQ pool. Moreover, UQ degradation rates may vary greatly in
different cell types and conditions. We also cannot exclude the
possibility that most of the remaining UQ in mutant livers is
derived from the circulation.

UQ,o supplementation restores defective respiration
of Mclkl knockout liver

UQ replacement treatment so far has offered a safe, easy and the
only available therapeutic intervention for UQ deficiencies.
However, the data on the effectiveness of UQ supplementation
in UQ deficiency are not conclusive (13,14,16,17,19,21,28,78).
We recently demonstrated that dietary UQ,, (supplemented in
base rodent diet) indeed can reach mitochondrial inner membrane
and there function in the electron transport chain (44). In the
present study, following UQ;( supplementation through drinking
water, we observed significant uptake of dietary UQ;q by liver
mitochondria along with increased state 3 respiration rates in
UQo-fed Mclkl"™*5° mice compared with untreated knockout
mice (Fig. 7). This finding provides another piece of evidence
for that dietary UQ is able to functionally rescue endogenous
UQ deficiency at the respiratory chain level. There are reports
showing that dietary feeding of mice with UQj, can elevate
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tissue concentrations of endogenous UQ by an unknown mechan-
ism (79,80). In our experiment, the endogenous content of UQq in
the liver mitochondria was not affected by oral UQ;, supplemen-
tation (Fig. 7A), as we previously observed in wild-type and
MeclkI™ ™ mice (44). UQ, intake appears to have no effect on
state 3 respiration capacities of phenotypically wild-type
Meclk1"*"mitochondria (Fig. 7B). A similar finding was
reported for wild-type mice (80). A plausible interpretation is
that normal UQ levels in the liver are saturating for state 3 respira-
tory rates.

DMQ does not interfere with UQ function in the mammalian
mitochondrial respiratory chain

Both Mclkl knockout ES cells (30) and MEFs (Fig. 2B and C)
producing DMQy instead of UQq showed a Complex II-specific
defect, suggesting that DMQy is a less efficient substrate for
Complex Il than for Complex I. This propensity for poor function
at Complex Il is in good agreement with two previous reports.
One is that DMQg in the membrane from UbiF mutants is able
to function as an electron acceptor for NADH, not for succinate
(81). The other study compares UQ, to synthetic DMQ,, which is
found to promote electron transport from Complex I fairly effi-
ciently but produces a much smaller stimulation of succinate oxi-
dation (34). These observations have been interpreted to indicate
that Complex II possess a high degree of selectivity for use of
quinone species as its electron acceptor (34). Future studies
will be needed to probe the molecular basis for the poor activity
of DMQ at Complex II.

clk-1 mutant worms have a specific defect in Complex
I-dependent respiration (52). The ability of DMQy to mediate
electron transfer from Complex I more efficiently than from
Complex II may provide a mechanistic explanation for the
Complex I-specific respiratory dysfunction in c/k-I mitochon-
dria. c/k-1 mutants contain a large amount of endogenously pro-
duced DMQq as well as exogenous UQg obtained from the
bacterial food source (54). As discussed above, DMQy is a less
efficient respiratory substrate than UQq. However, as it is still
able to function somewhat adequately at Complex I, it might
compete with UQg for quinone binding sites, thus inhibiting
the activity of UQg at Complex I, whereas competitive inhibition
on UQg-mediated Complex II respiration would be less marked
because of the relatively inactivity of DMQq at Complex II. In
contrast to worm c/k-I mitochondria, the liver mitochondria
from Mclkl™**° mice showed an impairment in both
Complex [- and Complex II-dependent respiration, and
Complex II-dependent respiration was slightly more severely
affected (Fig. 6B). We discussed above that the high OXPHOS
activity in Mclkl knockout hepatocytes could be attributable to
the remaining UQ. As the liver knockout in Mclkl displayed
similar respiratory phenotype as described for Pdss2 liver
knockout mice (72), accumulation of DMQ is unlikely to signifi-
cantly influence the respiratory function of endogenous UQ. We
further found that oral UQ intake (1) elevated total mitochon-
drial UQ;, content in the liver, (2) had no discernible effect on
the endogenous content of DMQ and UQ (Fig. 7A), and (3)
increased the mitochondrial state 3 respiration rates in Mclkl
knockout liver (Fig. 7B). These results suggest that DMQ does
not significantly inhibit exogenous UQ;j-mediated electron
transport. Thus, it seems that in the mammalian respiratory
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chain, which in general has a high electron flux, accumulation
of DMQ does not significantly interfere with UQ function, prob-
ably because of a greater degree of difference in relative effi-
ciency between DMQ and UQ. These findings suggest that the
accumulation of DMQ in the described COQq patient (MIM
607426) (21) is likely not clinically meaningful and has no
pathogenic role.

MATERIALS AND METHODS

Reagents and chemicals

Cell culture media and reagents were purchased from Invitrogen.
All other reagents used in this study were of molecular biology
grade or better and were obtained from Sigma-Aldrich unless
noted otherwise.

Mice

Mice carrying a conditional Mclkl knockout allele (loxP,
Fig. 1A) were generated by InGenious Targeting Laboratory
(Stony Brook, NY, USA). The gene-targeting vector is com-
posed of a 1.8 kb C57BL/6 genomic fragment upstream of the
mouse Mclkl exon 2 followed by a loxP/FRT-flanked Neo cas-
sette, the target region of Mclkl which is ~1.7 kb including
exons 2 and 3, a single loxP site inserted downstream of exon
3, and an ~8.8 kb fragment downstream of the third loxP site.
Notl-linearized targeting vector was transfected into C57BL/
6 x 129/SvEv hybrid embryonic stem cells. Neomycin-resistant
colonies were selected in G418, expanded and screened by PCR
for ones that had undergone homologous recombination. Posi-
tive colonies were then microinjected into 129/SvEv blastocysts
for chimera generation. Chimeric mice were bred to 129/SvEv
mice and germline transmission of the floxed Mclkl allele
(loxP) in F; heterozygous mice was confirmed by PCR analysis
of tail DNA. The resulting heterozygotes were interbred to gen-
erate homozygous Mclkl"*F mice. To generate liver-
specific Mclkl knockout mice, AlbCre mice (purchased from
The Jackson Laboratory) were bred with Mclkl™~ mice
[described in Ref. (30)] to obtain Mclkl™'~, AIbCre+ mice
which were then crossed with Mclk1"”""*F mice to yield the
genotypes of this study: Mclkl'™"~, AlbCre+, Mclkl"™"~
and Mclk1'"*. All experimental mice were housed in the
pathogen-free animal facility of McGill University under stand-
ard conditions. Studies were conducted under an animal protocol
approved by the Animal Care and Use Committee of McGill
University.

Genotyping and detection of Cre/lox recombination

Mice were genotyped by PCR with genomic DNA extracted
from tail clippings. The floxed Mclkl allele was amplified
using primer #1 (5-TTTGATGCCCTTGTGGAACGTG-3")
and #2 (5-ACGATCCTAGCTTCCTTCTGTGAG-3’), produ-
cing a 323 bp fragment (Fig. 1A). PCR amplification of the wild-
type allele using the same primer set yielded a 261 bp band. To
detect Cre-mediated excision of Mclkl floxed alleles, primers
#3 (5'-CTCAGGCTTGTCTTTCATTCTGTC-3') and #2 were
used (Fig. 1A). Primers used to amplify the AlbCre transgene
were as follows: forward: 5-GCCAGCTAAACATGCTT
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CATC-3’; reverse: 5-ATTGCCCCTGTTTCACTATCC-3'.
PCR reactions were performed using NEB’s OneTaq DNA poly-
merase with 30 amplification cycles of 94°C for 30 s, 60°C for
30 s and 68°C for 60 s. The same PCR conditions were used
for detection of the recombined MclkI'™" allele in genomic
DNA isolated from Mclk1'*1°*P_Cre MEFs and tissues of
Mclk1'*"~, AIbCre+ mice.

Construction of retroviral vector and retroviral infection

The pBabe-Cre-puro retroviral vector was constructed by sub-
cloning a Cre recombinase cDNA into the EcoRI and Sall sites
of pBabe-puro retroviral vector. Phoenix™-Eco virus pack-
aging cells (Cedarlane Labs) were used to produce retroviruses.
At 60—80% confluence, Phoenix ™-Eco cells were transfected
with pBabe-Cre-puro or empty pBabe-puro vector (20 g of
plasmid DNA/100 mm plate) using Lipofectamine 2000 follow-
ing the manufacturer’s instructions (Invitrogen). The virus-
containing supernatants were harvested after 48 h, filtered and
used to replace the culture medium of Mclkl"”""**P MEFs,
which were prepared from day 13.5 Mclk1"""**F embryos by
trypsin digestion according to standard procedures (82). The in-
fection procedure was repeated the next day. Infected MEFs
were then incubated in media supplemented with 10 pwg/ml of
puromycin for 2 days in order to select the cells that stably
express viral DNA. Five independent MEF lines were infected
with the described retroviral vectors and used at a passage
number below 15.

Cells and tissue culture

All cells were maintained in DMEM containing high glucose
(25 mm) and supplemented with 10% FBS and 1% penicillin/
streptomycin at 37°C in 5% CO,. Cell proliferation assay was
performed by plating 5 x 10> cells into 48-well plates in tripli-
cates, following by daily measurement of cell concentration
with alamarBlue Cell Viability Assay (Invitrogen). For growth
in galactose, cells seeded into 48-well plates were first grown
in high glucose DMEM medium overnight and then switched
to glucose-free DMEM media supplemented with 10 mwm galact-
ose, 10 mm HEPES, 1 mwm sodium pyruvate, 10% dialyzed FBS
and 1% penicillin/streptomycin. For rescue experiment, various
chemicals were added into MEFs culture when medium was
changed to galactose medium. Four days after culture in galactose
medium, alamarBlue assay was performed for estimation of cell
viability. Concentrations between 2.5 and 20 M were used for
all compounds tested. The most effective dose among those
tested is reported for the compounds that rescued the galactose
growth defect of Mclk142-Cre MEFs. For those that showed no
significant rescue effect, the maximum non-toxic dose, defined
as the highest tested concentration that does not produce evidence
of lethality in control MEF lines (Mclk1'™*"'"_E V), is presented.

Microscopy

For phase-contrast microscopy, cells were plated onto glass
cover slips coated with poly-p-lysine, fixed with 3.7% parafor-
maldehyde in PBS for 10 min and then washed by PBS twice.
The cover slips were mounted onto slides with one drop of
Prolong anti-fade reagent (Invitrogen) and images were acquired

on an Olympus BX63 microscope. To label mitochondria, cells
were incubated with 200 nm of MitoTracker Green FM (Invitro-
gen) in growth medium for 30 min. The cells were then fixed in
3.7% paraformaldehyde, washed with PBS and subjected to
fluorescence microscopy on an Olympus BX63 microscope
using FITC filter set.

Quantification of quinones

Quinone content was quantified as previously described (35).
Briefly, cell lysis, liver homogenates or isolated mitochondria
were mixed with an equal volume of hexane/ethanol for
10 min by vortexing, centrifuged for 5 min at 8000g and the
hexane layer was collected. After evaporation to dryness using
a vacuum centrifuge, the quinone residue was dissolved in
ethanol and then analyzed by HPLC with UV detection at
275 nm (Beckman System Gold). A reverse phase C18 column
(25.0 x 0.46 cm, 5 pm, Highchrom) was used with an isocratic
elution at a flow rate of 1.8 ml/min. The mobile phase was metha-
nol/ethanol (70:30 v/v). The concentrations of UQs were esti-
mated by comparison of the peak area with those of standard
solutions of known concentration. Quinone levels data were
finally normalized to protein content determined by the
Bio-Rad Protein Assay (Bio-Rad).

Respiration measurements

Whole-cell oxygen consumption was measured polarographi-
cally as previously described (30). Briefly, exponentially
growing MEFs cultures were harvested and re-suspended in
fresh DMEM medium. The cell suspensions were immediately
added to a magnetically stirred Clark-type oxygen electrode
chamber thermostated to 37°C, containing DMEM, to a final
volume of 2 ml.

After recording the basal respiratory rate, Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and po-
tassium cyanide (KCN) were added successively (final concen-
tration of 1 pM and 2 mm, respectively) and measurement
continued for additional 2 min. OCR were normalized to total
protein content determined by the Bio-Rad Protein Assay.

Oxygen consumption of isolated liver mitochondria was mea-
sured with a high-resolution respirometry system (Oxygraph-2k,
Oroboros Instruments) at 30°C in a buffer containing 0.5 mm
EGTA, 3 mMm MgCl,-6H,O, 60 mMm potassium lactobionate,
20 mMm taurine, 10 mmM KH,PO,, 20 mm HEPES, 110 mm
sucrose and 1 g/l fatty acid free BSA, pH 7.1. Glutamate
(5 mm) plus malate (2.5 mm) was used as substrates for NADH-
linked respiration initiated at Complex I, whereas 10 mm succin-
ate (plus 1.25 pMm rotenone) was used to induce Complex
II-mediated respiration. The rate of maximal coupled (state 3)
respiration was determined in the presence of 0.5 mm ADP,
and state 4 was recorded after ADP exhaustion. Results were
expressed as pmol oxygen/s/mg mitochondrial protein.

Determination of mitochondrial enzyme activities

Isolation of MEF and liver mitochondria was performed by dif-
ferential centrifugation as described previously (26,30). Purified
mitochondria were subjected to three rounds of freeze/thaw.
ETC enzyme activities were measured as donor—acceptor



oxidoreductase activities and expressed as nmoles of electron ac-
ceptor reduced/min/mg mitochondrial protein. Assays were
carried out spectrophotometrically at 30°C using a double-
wavelength Beckman DU 640 spectrophotometer. Sensitivity
to enzymatic inhibitors was used to confirm assay specificity.
Complex II activity was analyzed by UQ);-stimulated dichloro-
phenolindophenol (DCPIP) reduction with succinate as sub-
strate. The assay was carried out in 1 ml of assay buffer
containing 25 mm potassium phosphate (pH 7.4), 20 mm
sodium succinate, 2 g antimycin, 2 g rotenone, 2 mm KCN,
150 wMm DCPIP and 40 g of mitochondrial protein. The reaction
was started with 100 wm UQ), and the enzyme activity was mea-
sured at 600 nm. Inhibition of reaction by 10 mm of malonate
was used to confirm the specificity of the assay. The extinction
coefficient used for DCIP was 21 per mm cm. Complex IIT activ-
ity was assayed by following the reduction of cytochrome ¢
(50 ™) by decylubiquinol (60 um) at 550 nm. The assay was
carried out in 25 mm potassium phosphate buffer (pH 7.4) sup-
plemented with 1 mm KCN, 2 mg/ml rotenone and 0.1% BSA.
The reaction was started with 25 wg of mitochondrial protein,
and a mix of antimycin (10 wg/ml) and myxothiazol (2 pg/ml)
was used to correct the background rate for non-enzymatic re-
duction of cytochrome c¢. The extinction coefficient used for
cytochrome ¢ was 19.1 per mm cm. The activities of Complex
I + I and Complex IT + III were measured by following the re-
duction of cytochrome ¢ at 550 nm in the presence of the
Complex I (0.1 mm NADH) or II (20 mm succinate) substrates,
respectively. The assay of Complex I 4+ III activity was per-
formed in 1 ml of reaction mix containing 25 mm potassium
phosphate (pH 7.4), 100 pum NADH, 2 mm KCN and 20 g of
mitochondrial protein. The reaction mixture for the Complex
IT + IIT activity assay consisted of 25 mm potassium phosphate
(pH 7.4), 20 mMm succinate, 2 wg/ml rotenone, 0.5 mm EDTA,
2mM KCN and 40 pg/ml of mitochondrial protein and was
pre-incubated at 30°C for 10 min to fully activate Complex II.
Reactions were initiated with addition of 30 M cytochrome c.
The increase in absorbance was monitored before and after the
addition of 5 pg/ml rotenone (Complex I inhibitor) or 10 mm
malonate (Complex Il inhibitor). Activities are finally expressed
as inhibitor-sensitive cytochrome ¢ reduction rates (nmoles per
minute) per mg mitochondrial protein. The Bradford assay was
used to quantify the protein concentration.

Total CS activity in MEFs was determined by following the for-
mation of DTNB [5,5'-dithio-bis-(2-nitrobenzoic acid)]-CoA,
which is coupled with citrate formation catalyzed by citrated syn-
thase, at 412 nm. Whole-cell extracts were prepared using Celly-
tic M cell lysis reagent (Sigma) following the manufacturer’s
instructions. Fifteen micrograms of cellular protein was added
to 1 ml of reaction mixture containing 100 mm Tris (pH 8.0),
0.1% Triton X-100 and 0.1 mm acetyl CoA. The reaction was
started by adding 10 pl of oxaloacetate (0.25 mm), and linear
rate of change in absorbance was followed for 2—3 min. Data
are expressed as nmoles per minute per mg cellular protein on
the basis of the molar extinction coefficient, 13.6 per mM cm.

RNA preparation and RT-PCR analysis

Total RNA was extracted using Trizol reagent (Invitrogen) and
1 g of RNA was reverse-transcribed into cDNA using Quanti-
Tect Reverse Transcription Kit (Qiagen) following the

Human Molecular Genetics, 2013, Vol. 22, No. 23 4781

manufacturers’ protocols. RT-PCR was performed using
SYBR Green (Qiagen) ona Bio-Rad CFX 96 real-time PCR ther-
mocycler (Bio-Rad). Primers for the Mclk] mRNA were forward
5'-CCTGCGCACTGGTGTCCGGA-3" and reverse 5'-GCAC
TGCATCCGGCCTGGATAA-3'; and primers for the mRNA
of the housekeeping gene B-actin were forward 5'-GGAGCA
CCCTGTGCTGCTCA-3" and reverse 5'-GGATTCCATACCC
AAGAAGGAAGGC-3'. PCR products were separated on 2%
agarose gels and visualized under UV light after staining with
ethidium bromide.

Western blotting

Mitochondrial protein samples were loaded onto 12% SDS—
PAGE gels, electrophoresed at 120 V and transferred to
0.45 pm polyvinylidene fluoride membranes (Bio-Rad). Mem-
branes were blocked in 5% milk-PBS for 2 h and blotted over-
night at 4°C with anti-MCLK1 [dilution 1:500, developed in
our laboratory (30)] and anti-porin (dilution 1:2000, purchased
from CambioChem) antibodies. After three washes with
PBS-0.05% Tween 20, membranes were incubated with horse-
radish peroxidase-conjugated anti-mouse (dilution 1:10 000,
Pierce) and anti-rabbit (dilution 1:2000, Sigma) secondary anti-
bodies, and then developed with an ECL Plus western blotting
detection system (GE Healthcare). Signals were visualized on
a chemiluminescence scanner (Typhoon™ 9400, GE Health-
care) and analyzed using ImageQuant software (version 5.2,
GE Healthcare).

Dietary UQ;( supplementation

Mice received UQ;( supplementation with LiQsorb (Tishcon)
added into their drinking water at the concentration of 1 mg/
ml, beginning at 6 months of age. At this dose, mice received
~300-400 mg UQ;¢/kg body weight/day.

Statistical analysis

All data were expressed as the mean + SEM. Statistical analyses
were performed with Prism (version 5.0, GraphPad Software)
using paired or unpaired Student’s #-tests, or ANOVA/Dunnett’s
testas appropriate. Probability value of P < 0.05 was considered
significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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