The FASEB Journal  Research Communication

Respiratory chain dysfunction and oxidative stress
correlate with severity of primary CoQ,, deficiency

Catarina M. Quinzii,""1 Luis C. L(’)pez,*’1 Jakob Von-Moltke,* Ali Naini,*
Sindu Krishna,* Markus Schuelke,” Leonardo Salviati,* Placido Navas,’
Salvatore DiMauro,* and Michio Hirano*'?

*Department of Neurology, Columbia University Medical Center, New York, New York, USA;
TDepartment of Neuropediatrics, Charité Virchow University Hospital, Berlin, Germany; *Servizio di
Genetica Clinica ed Epidemiologica, Department of Pediatrics, University of Padova, Padova, Italy;
and SCentro Andaluz de Biologia del Desarrollo and Centro de Investigaciéon Biomédica en Red:
Enfermedades Raras, Instituo de Salud Carlos III, Universidad Pablo de Olavide-CSIC, Sevilla, Spain

ABSTRACT Coenzyme Q,, (CoQ,,) is essential for
electron transport in the mitochondrial respiratory
chain and antioxidant defense. Last year, we re-
ported the first mutations in CoQ,, biosynthetic
genes, COQ2, which encodes 4-parahydroxybenzoate:
polyprenyl transferase; and PDSS2, which encodes
subunit 2 of decaprenyl diphosphate synthase. How-
ever, the pathogenic mechanisms of primary CoQ,,
deficiency have not been well characterized. In this
study, we investigated the consequence of severe
CoQ,, deficiency on bioenergetics, oxidative stress,
and antioxidant defenses in cultured skin fibroblasts
harboring COQ2 and PDSS2 mutations. Defects in the
first two committed steps of the CoQ,, biosynthetic
pathway produce different biochemical alterations.
PDSS2 mutant fibroblasts have 12% CoQ,, relative to
control cells and markedly reduced ATP synthesis,
but do not show increased reactive oxygen species
(ROS) production, signs of oxidative stress, or in-
creased antioxidant defense markers. In contrast,
COQ2 mutant fibroblasts have 30% CoQ,, with par-
tial defect in ATP synthesis, as well as significantly
increased ROS production and oxidation of lipids
and proteins. On the basis of a small number of cell
lines, our results suggest that primary CoQ,, defi-
ciencies cause variable defects of ATP synthesis and
oxidative stress, which may explain the different
clinical features and may lead to more rational
therapeutic strategies.—Quinzii, C. M., Lopez, L. C.,
Von-Moltke, J., Naini, A., Krishna, S., Schuelke, M.,
Salviati, L., Navas, P., DiMauro, S., Hirano, M.
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CoENzZYME Q,, (C0Q,,) 1S THE predominant human
form of endogenous ubiquinone and is synthesized
in the mitochondrial inner membrane. CoQ,, is
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composed of a benzoquinone and a decaprenyl side
chain. Whereas the quinone ring is derived from
tyrosine or phenylalanine, the isoprenoid side chain
is produced by addition of isopentenyl diphosphate
molecules, derived from the mevalonate pathway, to
farnesyl diphosphate or geranylgeranyl diphosphate
in multiple steps catalyzed by decaprenyl diphos-
phate synthase (Fig. 1). Decaprenyl diphosphate and
para-hydroxybenzoate are condensed in a reaction
catalyzed by PHB-polyprenyl transferase or COQ2,
and the benzoate ring is then modified by at least six
enzymes, which catalyze methylation, decarboxyl-
ation, and hydroxylation reactions to synthesize
CoQ,, (Fig. 1).

In addition to its central role in the mitochondrial
respiratory chain as the carrier of electrons from com-
plexes I and II to complex III, CoQ,, participates in
other cellular functions (1). In the reduced form
(ubiquinol), CoQ),, is one of the most potent lipophilic
antioxidants in all cell membranes (2). CoQ,, is also
required for pyrimidine nucleoside biosynthesis and
may modulate apoptosis and the mitochondrial uncou-
pling protein (1).

Deficiency of CoQ),, has been identified in clini-
cally heterogeneous autosomal recessive diseases,
which have been delineated into four major pheno-
types: I) encephalomyopathy characterized by the
triad of recurrent myoglobinuria, brain involvement,
and ragged-red fibers (3-7); 2) severe infantile mul-
tisystemic diseases (8-10); 3) cerebellar ataxia (11—
14); and 4) isolated myopathy (15, 16). Within the
past two years, the identification of mutations in
CoQ, biosynthetic genes, COQ2, PDSSI, and PDSS2,
in patients with infantile-onset diseases has proven
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Figure 1. CoQ),, biosynthesis pathway. CoQ,, is composed of a benzoquinone and a decaprenyl side chain. Patient 1 has
compound heterozygous mutations in subunit 2 of polyprenyl diphosphate synthase (PDSS2); patients 2 and 3 have a

homozygous mutation in COQ2.

the existence of primary CoQ,, deficiencies (17-19),
whereas some patients with cerebellar ataxia or iso-
lated myopathies have secondary CoQ,, deficiencies
due to mutations in APTX and ETFDH, genes not
directly related to ubiquinone synthesis (15, 20, 21).
Despite these advances, primary and secondary
CoQ),, deficiencies have been defined biochemically
and genetically in fewer than 20 patients (22), and
their pathogenic mechanisms remain unclear. In
skeletal muscle of patients, CoQ,, deficiency has
been associated with variable defects of the mito-
chondrial respiratory chain, increased apoptosis, and
up-regulation of antioxidant defenses (5-7, 10, 15,
17). By contrast, studies of cultured fibroblasts from
two siblings with infantile-onset CoQ,, deficiency of
known genetic etiology showed mild respiratory
chain defects, but no evidence of increased superox-
ide anions, lipid peroxidation, or apoptosis-mediated
cell death (23). Moreover, Lopez-Martin and col-
leagues showed that COQ2 mutant cells require uri-
dine to maintain growth and proposed that defi-
ciency of CoQ;, caused a defect of pyrimidines
biosynthesis because of the dependence of dihydro-
orotate dehydrogenase on ubiquinol (24).

Thus, lack of CoQ;, may cause human diseases by
one or multiple processes, including reduced respi-
ratory chain activity; enhanced reactive oxygen spe-
cies (ROS) production, increased ROS susceptibility,
or both; or impairment of de novo pyrimidines syn-
thesis.

PATHOGENESIS OF PRIMARY COQ;, DEFICIENCY

To further assess these putative pathogenic mecha-
nisms, we studied the oxidative stress and bioenergetics
in cultured fibroblasts from 3 patients with CoQ,,,
deficiency.

MATERIALS AND METHODS
Cell culture

Skin fibroblasts from 3 patients, patient 1 (P1) with PDSSI
mutations (Q322X and S382L) (17), patients 2 and 3 (P2
and P3) with a homozygous COQ2 mutation (Y297C) (10,
19), and 5 controls, were grown in glucose-rich Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 1 ml fungizone, and 5 ml penicil-
lin-streptomycin and in RPMI 1640 glucose-free medium
supplemented with 10% fetal bovine serum, 25 mM
HEPES, 1.5 mM Glutamax, 25 mM galactose, 1 ml fungi-
zone, and 5 ml penicillin-streptomycin. To enhance poten-
tial alterations in respiratory chain-dependent ATP synthe-
sis and adenine nucleotide levels due to CoQ,,, deficiency,
additional cells were grown in RPMI 1640 glucose-free
medium supplemented with 10% dialyzed fetal bovine se-
rum (glucose concentration<0.5 pg/ml in medium), 25
mM HEPES, 1.5 mM Glutamax, 25 mM galactose, 1 ml
fungizone, and 5 ml penicillin-streptomycin. All cell cul-
ture reagents were obtained from Invitrogen (Carlsbad,
CA, USA). All patient cell lines at passages 7-10 were grown
in triplicate in glucose-rich and galactose media. Because
of the poor growth of P3 cells, some experiments were
performed only in P1 and P2 fibroblasts.
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Cell growth rates

Growth rates were determined on cells from P1, P2, and
controls plated in duplicate in 6-well plates, trypsinized, and
counted manually after 48, 72, and 96 h of incubation.

Mitochondrial bioenergetics

For the ATP synthesis assay, cells were grown in 15-cm-
diameter plates until confluent, then collected in PBS
using a scraper. After centrifugation at 5000 rpm for 3 min,
the cells were suspended in 350 pl of respiration buffer
(150 mM KCl, 25 mM Tris—HCI, 2 mM EDTA, 0.1% BSA, 10
mM potassium phosphate, 0.1 mM MgCl,, pH 7.4), perme-
abilized with digitonin (50-75 pwg/mg prot) for 1 min with
gentle agitation and washed with 1 ml of respiration buffer
(25). After centrifugation at 800 g for 5 min, pellets were
suspended in 350 wl of respiration buffer and divided into
two tubes with 160 pl each. Oligomycin (2 wg/ml) was
added to one tube and respiration buffer to the other.
Pyruvate (1 mM) and malate (1 mM) were added to both
tubes, and ATP synthesis was induced by adding ADP (0.1
M) (25). After 1 min, the reaction was stopped with 0.5 M
PCA, vortexed for 30 s, and centrifuged at 13,000 rpm for
10 min at 4°C. The pellets were stored at —80°C for protein
determination. Adenine nucleotides were measured in the
resultant supernatants into an Alliance HPLC (Waters
Corporation, Milford, MA, USA) with an Alltima C18NUC
reverse-phase column (Alltech Associates, Deerfield, IL,
USA) (26). After stabilizing the column with the mobile
phase, we injected samples (50 pl) into the HPLC system.
The mobile phase consisted of 0.2 M ammonium phos-
phate buffer, pH 3.5 (phase A), and 30% methanol in 0.2
M ammonium phosphate buffer, pH 3.5 (phase B). The
following time schedule for the binary gradient was used:
35 min, 100% A (18 min at 0.5 ml/min and then 1
ml/min), 5 min 0% to 100% B and then 100% B for 15 min
(1 ml/min), 5 min 0% to 100% A (1 ml/min), and then 15
min with 100% A (10 min at 1 ml/min and then 0.5
ml/min) (26). Standard curves for AMP, ADP, and ATP
were constructed with 15 wM, 30 pM, and 60 pM of each
nucleotide. Absorbances of the samples were measured
with an UV detector at 260 nm wavelength, and the
concentration of each nucleotide in the samples was cal-
culated based on the peak area. Adenine nucleotide levels
were expressed in nanomoles per milligram protein. ATP
synthesis was expressed in nanomoles per minute per
milligram protein. Adenine nucleotides concentrations
were measured as described (17, 25, 26) with slight modi-
fications. Briefly, the cells were grown in 10-cm-diameter
plates until confluent and then collected in ice-cold PBS
using a scraper. After centrifugation at 5,000 rpm for 3 min
at 4°C, pellets were suspended in 200 pl of ice-cold 0.5 M
PCA, vortexed for 30 s, and centrifuged at 13,000 rpm for
10 min at 4°C. The pellets were stored at —80°C for protein
measurement and supernatants were used for adenine
nucleotide determination.

Cell membrane potential measurement

To estimate cell membrane potential, P1, P2, and control
fibroblasts were exposed to MitoTracker Red CMXRos and
tetramethylrhodamine, ethyl ester, perchlorate (TMRE)
(Molecular Probes, Invitrogen Corp., Carlsbad, CA, USA).
Approximately 1 X 10° cells were trypsinized, incubated
with 50 nM MitoTracker for 30 min at 37°C, washed twice
with PBS, and resuspended in 500 pl of PBS. The same
number of cells were trypsinized, incubated with 50 nM
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TMRE for 20 min at 37°C, washed twice with PBS, and
resuspended in 500 wl of PBS. Cytofluorometric analysis
was performed using a FACSCalibur cell analyzer equipped
with a 488-nm At-kt laser, and fluorescence was measured
using the FL2 channel. Data were acquired using Cell Pro
Quest and analyzed using Flowjo software (Becton Dickin-
son, Franklin Lakes, NJ, USA).

Phosphofructokinase activity and extracellular lactate
measurement

To measure activity of phosphofructokinase (PFK), cell ex-
tracts (0.3-0.8 mg protein) were added to a reaction mix
containing 40 mM Tris-HCI (pH 8.0), 6 mM MgCl,, 2 mM
ATP, 200 pM NADH, 0.001-0.01 U aldolase, 0.375-10 U
glycerophosphate dehydrogenase, 3.75-100 U of triosephos-
phate isomerase, and 3 mM fructose-6-phosphate. Oxidation
of NADH was assessed by absorbance at 340 nm for 3 min at
30°C. The results were expressed in nanomoles of oxidized
NADH/min/mg prot.

Extracellular lactate levels were measured as described
previously with minor modifications. Briefly, after cells
were grown in 15-cm-diameter plates to 80% confluence,
culture medium was changed, and after 72 h, 200 ul of the
medium was removed, treated with 200 pl of 1 M PCA, and
centrifuged at 25,000 g for 10 min at 4°C. The supernatant
was neutralized by adding 28 wl of 5 M potassium carbon-
ate and centrifuged at 12,000 g for 10 min at 4°C. The
supernatant was used to measure lactate spectrophoto-
metrically using Lactate Assay Kit (BioVision, Inc., Moun-
tain View, CA, USA). The lactate levels in unused medium
was subtracted from the measured values. The results were
expressed in nanomoles per milligram protein.

Oxidative stress analyses

To estimate production of ROS, CoQ,,-deficient and con-
trol fibroblasts were exposed to MitoSOX Red, a fluoro-
chrome specific to anion superoxide produced in the inner
mitochondrial compartment (Molecular Probes, Invitro-
gen Corp., Carlsbad, CA, USA) (27, 28). Approximately
1 X 10° cells were trypsinized, incubated with MitoSox for
30 min at 37°C, washed twice with PBS and resuspended in
500 pl of PBS. Cytofluorometric analysis was performed as
described above. MitoSOX intensity was also monitored by
fluorescence microscopy (IX70 inverted system micro-
scope; Olympus, Tokyo, Japan). Cells grown on microscope
slides in 6-well plates for 24 h were incubated with MitoSox
for 30 min at 37°C, washed twice in PBS, fixed with 4%
paraformaldehyde in PBS for 0.5-1 h at room temperature,
and washed twice with PBS, incubated for 10 min at 37°C
with MitoTracker Green (Molecular Probes, Invitrogen
Corp.) to label mitochondria, and washed again before
mounting. A control cell line treated with 0.5 uM antimy-
cin A for 15 h before the MitoSOX staining was used as a
positive control for increased ROS production (29).

To determine the level of oxidative damage of proteins,
we performed Western blot analysis of carbonyls group
content in protein using the OxyBlot kit (Chemicon,
Millipore Corp, Billerica, MA, USA). In brief, 20 pg of
proteins was incubated with 2,4-dinitrophenylhydrazine to
form 2,4-dinitrophenyl hydrazone derivates. 2,4-Dinitro-
phenyl-derivatized proteins were separated on a 12% poly-
acrylamide gel and transferred to polyvinyl prolidone
membranes for 30 min at 50 V in Mini Trans-Blot cell
apparatus (Bio-Rad, Hercules, CA, USA). Blots were hy-
bridized with rabbit anti-DNP antibody and goat anti-rabbit
horseradish peroxide conjugated secondary antibody
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(Chemicon, Millipore Corp.) and visualized by autoradiog-
raphy using Supersignal West Dura Extended Duration
Substrate (Pierce, Rockford, IL, USA). The blots were
subsequently immunostained with an anti-acid maltase
antibody for normalization of total proteins levels. Quan-
titative analysis of the blots was carried out using Image |
software (http:rsb.info.nih.gov/ij/) and the Odyssey Infra-
red Imaging System (LI-COR Biosciences, Lincoln, NE,
USA).

For lipid peroxidation (LPO) measurements, confluent
cells were collected in PBS from 15-cm-diameter plates
using scrapers. After centrifugation at 5000 rpm for 5 min,
cells were suspended in 20 mM Tris-HCI buffer, pH 7.4,
containing 5 mM butylated hydroxytoluene, and sonicated
to lyse the cell. To remove large particles, the samples were
centrifuged at 3000 g for 10 min at 4°C. Aliquots of the
supernatants were either stored at —80°C for total protein
determination or used for LPO. Bioxytech LPO-568 assay
kit was used to determine both malondialdehyde (MDA)
and 4-hydroxyalkenals (4HDA) (Oxis International, Foster
City, CA, USA) (30). Concentrations of LPO were normal-
ized per milligram protein.

Analyses of antioxidants defense

Glutathione reductase (GRd) and glutathione peroxidase
(GPx) activities were assayed by following the oxidation of
NADPH at 340 nm (31). Cells from one confluent 10-cm
plate (~2-3X%10°) were collected using trypsin and stored
at —80°C. On the day of the assay, the frozen pellet was
resuspended in 350 pl of lysis solution (0.25 M sucrose; 10
mM Tris/HCI, pH 7.5; 1 mM EDTA-K,; 0.5 mM PMSF; 0.5
mM dTT; 0.1% Nonidet), sonicated briefly, and centri-
fuged at 15,000 gfor 25 min at 4°C. Supernatants were used
for GPx and GRd assays, and protein determination. To
assay GPx activity, 850 pl of working solution (50 mM
KH,PO,; 3 mM EDTA-K,, pH 7.0; 2 mM KCN; 2 mM
reduced glutathione (GSH); 0.2 mM NADPH; and 2 U/ml
GRd) and 125 pl of sample supernatant were combined in
a 1-ml quartz cuvette. After a 3-min equilibration period at
30°C, the reaction was started by the addition of 25 ul of
160 uM cumene hydrogen peroxide, and the change in
absorbance was recorded for 3 min. For the GRd assay, 840
w1 of phosphate-EDTA buffer (100 mM KH,PO4, 0.5 mM
EDTA-K,, pH 7.6) was combined with 10 pl of 10 mM
NADPH and 125 ul of sample supernatant. After a 3-min
equilibration period at 30°C, 25 pl of 40 mM oxidized
glutathione (GSSG) was added, and the change in absor-
bance over time was recorded for an additional 3 min.
Specific activities of GPx and GRd were expressed in
nanomole-oxidized NADPH per minute per protein.

GSH and GSSG were measured indirectly by following
the formation of 2-nitro-5-thiobenzoic acid (TNB) at 412
nm (81). Cells from one confluent 10-cm plate (~2-3X10°
fibroblasts) were collected using trypsin, and stored at
—80°C. On the day of the assay, the frozen pellet was
resuspended in 750 pl of 6% metaphosphoric acid, vor-
texed, incubated at room temperature for 10 min, and
centrifuged at 13,000 rpm for 10 min at 4°C. Pellets were
stored at —80°C for protein determination, and the super-
natants were used to measure GSH. For GSSG determina-
tion, 150 pl of supernatant was mixed with 3 pl of
2-vinylpyridine and 9 pl of triethanolamine and incubated
at room temperature for 60 min. For total glutathione
(T-GSH) concentration, the acidic sample supernatant was
first diluted 1:6 in phosphate-EDTA buffer (100 mM
K,HPO,, 5 mM EDTA-K,, pH 7.4). For both T-GSH and
GSSG determination, 100 wl of sample, 750 pl of phos-
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phate buffer, 50 nl of 10 mM DTNB, and 80 pl of 5 mM
NADPH were added to a 1-ml cuvette. After a 3-min
equilibration period at 30°C, 20 wl (1.35 U) of GRd was
added, and the change in absorption over time was mea-
sured for an additional 3 min. Absolute concentrations
were determined using a standard curve of GSH (0.5
pg/ml, 1 wg/ml, 2 pg/ml, and 4 pg/ml prepared in 6%
metaphosphoric acid and diluted in phosphate buffer).
GSH concentration was calculated as T-GSH-GSSG; con-
centrations of T-GSH, GSH, and GSSG were expressed in
nanomoles per milligram protein.

Screening for CoQ,

To identify CoQ, in the mutant skin fibroblasts, we followed two
strategies. First, when 15-cm diameter culture plates were con-
fluent, cells were collected, and all forms of CoQ were extracted
with hexane and identified by EQ-HPLC using a reverse-phase
column and an isocratic mobile phase consisting of 87% meth-
anol, 1.5% 2-propanol, 1.5% acetic acid, and 50 mM sodium
acetate. To identify peaks, a standard sample with 25 ng/ml of
each CoQ,, CoQ,, and CoQ,, was formulated. Second, we
measured the incorporation of "*C-PHB (450 Ci/mol) into all
forms of ubiquinone in cultured fibroblasts. Briefly, 0.02
wCi/ml of ""C-PHB was added to cultured cells and after 48 h,
fibroblasts were collected and ubiquinones were extracted with
hexane. Radiolabeled ubiquinones were isolated by HPLC with
a C18 reverse-phase column and were collected and measured
in a scintillation counter.

Statistical analysis

Control data are expressed as the mean *= sp of 5 different
samples in triplicate experiments. Patient data are expressed as
the mean = sp of triplicate experiments. Two-tailed Student’s ¢
test was used to compare the mean between groups.

RESULTS

Patients and fibroblasts

Patient 1 (P1) had Leigh syndrome and nephropathy
due to compound heterozygous mutations in the PDSS2
gene, which encodes subunit 2 of decaprenyl diphos-
phate synthase, the first committed enzyme of the
CoQ,, biosynthetic pathway (17). P1 fibroblasts had
12% CoQ,, and 28% residual CII+III activity. Patients
2 and 3 (P2 and P3) were siblings with nephropathy
and encephalopathy carrying a homozygous mutation
in the COQ2 gene, which encodes 4-parahydroxybenzo-
ate: polyprenyl transferase (19). P2 and P3 cells with
30% CoQ,, had 48% residual CII+III activity (24).

Cell growth rate

In galactose media, growth rate was reduced in P2 fibro-
blasts, but comparable in P1 and control cells (Fig. 2).

Bioenergetics

In galactose media, mitochondrial ATP synthesis was
significantly reduced in the cells from all three patients
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Figure 2. Cell growth rates in galactose medium. Control (C)
data are expressed as the mean = sp of 5 different samples in
triplicate experiments. Patient data are expressed as the
mean * sp of triplicate experiments. *P < 0.05 vs. control.

(P1-P3); P1 fibroblasts showed greater reductions
(51% decrease) than P2 (32% decrease) and P3 cells
(26% decrease) (Fig. 3). By contrast, in galactose
medium, steady-state levels of total adenine nucleotides
(AN) and ATP were not significantly decreased in P1
but were reduced in P2 and P3 (Fig. 44, B). ATP/ADP
ratio, a value that reflects the state of mitochondrial
ATP production, was significantly decreased in the cells
from all three patients (P<0.05), but the decreases
were more dramatic in P2 and P3 than P1 fibroblasts
(Fig. 4C).

In glucose-rich media, P2, but not P1 cells showed
decreased ATP/ADP ratio, whereas neither P1 nor P2
fibroblasts showed significant decreases in total ade-
nine nucleotides or ATP (Fig. 4D-F).

To assess whether anaerobic glycolysis in FBS-con-
taining medium could account for the normal levels of
AN and ATP despite impaired respiratory chain activity
(demonstrated by decreased ATP synthesis in galactose
medium), adenine nucleotides were measured in Pl
cells grown in media supplemented with 10% dialyzed
FBS (containing less than 0.5 pg/ml of glucose) and
demonstrated decreased levels of ATP, ATP/ADP ratio,
and AN compared with cells cultured in galactose or

glucose-rich media (Fig. 4A-C)
Cell membrane potential measurement

Flow cytometry analysis of cells stained with either
Mitotracker Red CMXRos (Fig. 5) or TMRE (data not
shown) revealed a subpopulation of P2 cells with de-
creased membrane potential in galactose medium,
whereas in glucose-rich medium, both P1 and P2 cells
showed subpopulations with decreased membrane po-
tentials. In both patient fibroblast lines, the major peak
of Mitotracker Red CMXRos (Fig. 5) or TMRE staining
overlapped with the control peak.

1878  Vol. 22 June 2008

The FASEB Journal

Phosphofructokinase activity and lactate
measurement

PFK activity was 20% higher in P1 cells than in
controls (P<0.05), but comparable in P2 and control
cells cultured in galactose and glucose-rich media. In
both galactose and glucose-rich media, levels of
extracellular lactate were significantly higher in P1
cells but not in P2 fibroblasts compared to control
cells (Fig. 6).

ROS production and oxidative stress

MitoSOX Red stain revealed increased superoxide
anion in COQZ2 mutant fibroblasts but not in PDSS2
mutant cells nor in all five control cell lines cultured
in galactose medium (Fig. 7). MitoSOX Red colocal-
ized with MitoTracker Green, indicating that the
excess superoxide anion was concentrated in mito-
chondria (Fig. 7). These observations were con-
firmed by quantitative analysis of the fluorescent
signal using a FACscan cell analyzer, which showed
significant increases of MitoSox Red signal in P2 and
P3 fibroblasts, but not in Pl cells compared to
controls (Table 1). In cells incubated in glucose-rich
media, MitoSOX Red showed a trend toward higher
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Figure 3. ATP synthesis in fibroblasts cultured in galactose
medium. In respiration-dependent (galactose) media, mito-
chondrial ATP synthesis was significantly reduced in the cells
from all three patients (P1-3); P1 fibroblasts showed greater
reductions (51% decrease) than P2 (32% decrease) and P3
cells (26% decrease), reflecting the respiratory chain defect
due to CoQ,, deficiency. Control data are expressed as the
mean * sp of 5 different samples in triplicates experiments.
Patient data are expressed as the mean * sp of triplicate
experiments.*P < 0.05 vs. control; **P < 0.01 vs. control.
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Figure 4. Adenine nucleotide levels. In galactose medium, steady-state levels of total adenine nucleotides (ANs) and ATP were not
significantly decreased in P1 but were reduced in P2 and P3 (A, B). ATP/ADP ratio, a value that reflects the state of mitochondrial
ATP production, was significantly decreased in the cells from all three patients (P<0.05), but the decreases were more dramatic in
P2 and P3 than P1 fibroblasts (C). In glucose-rich media, P2 but not P1 cells showed decreased ATP/ADP ratio, whereas neither P1
nor P2 fibroblasts showed significant decreases in total ANs or ATP (D,E). ANs were measured in P1 cells grown in media
supplemented with 10% dialyzed FBS and demonstrated decreased levels of ATP, ATP/ADP ratio, and AN compared with cells
cultured in galactose or glucose-rich media, indicating that glucose in undialyzed FBS provided substrate for anaerobic glycolysis
(A-C). Control (C) data are expressed as the mean = sp of 5 different samples in triplicate experiments. Patient data are expressed
as the mean * sp of triplicate experiments.*P < 0.05 vs. control; **P < (.01 wvs. control.

staining only in P3 cells, but levels of superoxides Antioxidant defenses
were lower in all cell lines than in fibroblasts cultured

in galactose media (Table 1). The MitoSox Red  agsessment of the glutathione system showed a trend
signal was 7.8-fold higher in P2 vs. control cells in o1 increased proportion of GSSG in P2 and P3

galact(?se medium, whereas'the increase in flurores- o115 byt not in P1 fibroblasts relative to controls. This
cence in P3 vs. control cells in glucose-rich media was change was accompanied by slight increases in the
3.1-fold (Table 1). activities of glutathione enzymes, GPx, and GRd, in P2

In galactose me‘diu.m, levels Qf lipid peroxides, MDA, cells (Table 2).
and 4HDA were significantly higher than normal in P2
and P3 cells, but not in P1 fibroblasts (Fig. 84).
However, no differences between controls and patients
were appreciated in lipid peroxidation when the cells
were grown in glucose-rich medium (Fig. 85). In the standard electrochemical chromatograph,

Protein oxidation, estimated by OxyBlot quantitation ~ only CoQq and CoQ,, were identified in controls and
of carbonyl groups in proteins of cell homogenates, was  patient fibroblasts. However, because some peaks
increased in all three patient cell lines in galactose  had retention times similar to CoQ,, to screen for the
medium (Fig. 8C) but was clearly higher in P2 and P3  presence of CoQ,, we radiolabeled all forms of
fibroblasts. By contrast, protein oxidation was virtually ~ ubiquinone by incubating the cultured cells with
absent in both patient and control skin fibroblasts  '*C-PHB for 48 h, for detection by scintillation
grown in high-glucose medium (Fig. 8D). counter. The results showed the presence of radio-

Identification of CoQ,
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Figure 5. Assessment of mitochondrial membrane potential with MitoTracker Red. Flow cytometry of P1 and P2 cells revealed
subpopulations with decreased fluorescent intensity compared with the control cells cultured in glucose medium (bottom
panels), as indicated by minor peaks to the left of the major peak. P2 cells cultured in galactose also showed a subpopulation

with decreased mitochondrial membrane potential.

activity with the retention time of CoQq and CoQ;, in
controls and patient fibroblasts but not with the
CoQ), retention time (data not shown).

DISCUSSION

Given the multiple important roles of CoQ,, in
mitochondria (32) and other cellular compartments
(2), we assessed the consequences of different severe
forms of primary CoQ,, deficiency on oxidative stress
and mitochondrial bioenergetics using COQ2 and
PDSS2 mutant skin fibroblasts. Our studies are based
on a small number of cell lines; therefore, factors
other than CoQ,, deficiency may be contributing to
our results. Nevertheless, our observations suggest
that defects in these two enzymes of the CoQ,,
biosynthetic pathway produce different patterns of
biochemical dysfunction. In PDSS2 mutant fibro-
blasts with severe CoQ),, deficiency, oxidative phos-
phorylation is impaired, whereas in COQZ2 mutant
cells with milder CoQ;, deficiency and less severe
respiratory chain defects, overproduction of superox-
ides leads to significantly increased oxidative damage
to proteins and lipids.

The functions of CoQ;, in the cells are mainly
related to its lipophilic and redox properties (1).
Because it is synthesized in the inner mitochondrial
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membrane, a high proportion of CoQ);, remains in
this location, where its reduction potential (+45 mV)
facilitates transfer of electrons from the dehydroge-
nases of complexes I and II to cytochrome b of
complex III (33). As COQ2 and PDSS2 mutations
reduce CoQ),, levels and decrease activities of ubiqui-
none-dependent respiratory chain functions (17,
19), a priori, mutant cells would be expected to show
decreased synthesis of ATP through oxidative phos-
phorylation. Our results verify this hypothesis and
show a direct correlation between CoQ,, levels and
ATP synthesis. In all three CoQ,-deficient fibroblast
lines, respiratory chain activity is decreased; however,
in P1 cells with 12% CoQ,, and 28% residual CII+II1
activity (17), the defect of ATP synthesis is more
pronounced than in P2 and P3 cells, which have 30%
CoQ,y and 48% residual CII+III activity (19) (Fig.
2). The reductions of mitochondrial respiratory
chain activities and ATP synthesis in CoQ,,-deficient
cells are consistent with three prior reports. First, two
fibroblast cell lines with severe deficiencies of CoQ);,
(undetectable and<20% of normal) had 30-40%
cell respiration relative to controls (23). Second,
after hexane extraction of CoQ),,, isolated mitochon-
dria also showed reduced electron flow from com-
plexes I and II to complex III (34). Third, acute in
vitro pharmacological inhibition of CoQ);, biosynthe-
sis, using p-aminobenzoate (1 mM for 4 days) to
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Figure 6. Phosphofructokinase (PFK) activity and lactate

level in cells. PFK activity and lactate level were increased in
P1 cells, indicating up-regulation of the rate-limiting step of
glycolysis. Control (C) data are expressed as the mean = sp of
5 different samples in triplicate experiments. Patient data are
expressed as the mean * sp of triplicate experiments. ¥P <
0.05 vs. control

competitively inhibit COQ2 in cultured human my-
eloid leukemia HL-60 cells, reduced CoQ,, levels by
~50%, decreased CII+III activity by >75%, and
increased superoxide production in ~35% of the
treated cells compared to controls (35).

Because of the defect of respiratory chain activity
induced by CoQ),, deficiency, we had expected to
find reductions of steady-state levels of ATP both in
the cells with COQ2 and with PDSS2 mutations.
While, in fact, P2 and P3 cells grown in galactose
media showed reductions in ATP level and ATP/ADP
ratio, surprisingly P1 cells, despite their more severe
CoQ), deficiency, had less severe reduction of ATP/
ADP and normal ATP levels (Fig. 4A-C). These
apparently contradictory results can be explained by
data obtained using 10% undialyzed FBS culture
medium, which contains ~100 pg/ml glucose that
can be utilized by cells to compensate for the deficit
in mitochondrial ATP synthesis through increased
glycolysis and enhanced transcription of genes en-
coding glycolytic enzymes (36, 37). Favoring this

PATHOGENESIS OF PRIMARY COQ;, DEFICIENCY

explanation are two observations: /) the level of ATP
and ATP/ADP ratio were reduced in P1 cells cul-
tured in 10% dialyzed FBS culture medium (contain-
ing <0.5 wg/ml glucose); and 2) the activity of PFK
was increased in P1 cells, indicating up-regulation of
the rate-limiting step of glycolysis. In agreement with
this concept, cultured cybrid cells with respiratory
chain defects due to mitochondrial DNA mutations
also showed compensatory up-regulation of glycolysis
even in low glucose medium (38).

In addition to their critical function in energy
production, mitochondria also appear to be a major
source of ROS in cells (39, 40). Over the past three
decades, studies have identified multiple mitochon-
drial sites that generate ROS under physiological and
pathological conditions (33, 39, 41, 42). However, it
has been unclear whether the block of electron
transfer caused by partial deficiency of CoQ,, can
increase ROS production. To address this issue, we
cultured control and CoQ,-deficient cells under two
different metabolic conditions: I) high glucose me-
dia, where typically 60-65% of ATP is generated
from glycolysis and the remainder from oxidative
phosphorylation (37); and 2) galactose media, which
forces energy production through oxidative phos-
phorylation (43). We observed a significant increase
of mitochondrial superoxide production and con-
comitant increases of lipid and protein oxidation in
P2 and P3 cells cultured in galactose media. P2 cells
also showed slightly increased glutathione enzyme
activities and increased proportion of oxidized to
total glutathione; these changes in antioxidant de-
fenses may have been induced by increased oxidative
stress. Nevertheless, because the glutathione system
is present in many cellular compartments, including
cytoplasm, mitochondria, nucleus, and endoplasmic
reticulum, selective changes in mitochondrial gluta-
thione may have been masked by unchanged levels of
glutathione in other compartments (44). Oxidative
stress was not obvious in the cells cultured in glucose-
rich medium probably because the respiratory chain
is underutilized. Curiously, a subpopulation of P2
fibroblasts cultured in glucose media, but not in
galactose media, showed decreased mitochondrial
membrane potential, possibly reflecting reduced
electron flow and proton pumping across the mito-
chondrial membrane in cells generating ATP pre-
dominantly through anaerobic glycolysis.

Our observation of signs of increased oxidative stress in
P2 (COQ2 mutant) cells is also supported by the finding
that Schizosaccharomyces pombe ppt-1 (COQ2 homologous)-
deficient strains are unable to grow on minimal medium
supplemented with glucose, require antioxidant supple-
mentation to grow on minimal medium, and are vulner-
able to H,O, and Cu®* exposure (45). Saccharomyces
cerevisiae COQ2-null mutants are also unable to grow in
nonfermentable carbon source (24).

Curiously, in both mutant fibroblasts lines, we ob-
served small subpopulations of cells with decreased
mitochondrial membrane potential that was more
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Figure 7. Assessment of superoxide generation. MitoSOX Red stain (top panels) revealed increased superoxide anion in COQ2
mutant fibroblasts (P2 and P3) but neither in PDSS2 mutant (P1) cells nor in all five control cell lines cultured in galactose
medium (C is a representative control cell line). MitoSOX Red colocalized with MitoTracker Green (middle panel) in merged

images (bottom panels), indicating that the excess superoxide anion was concentrated in mitochondria.

prominent in cells grown in glucose-rich than galactose
medium and in COQ2 mutant than PDSS2 mutant cells.
The significance of these findings is uncertain because
it is not known whether the abnormalities are primary
or secondary consequences CoQ),, deficiency.

In contrast to COQ2 mutant fibroblasts, PDSSI mu-
tant cells did not show any sign of oxidative stress, for
which we propose three possible explanations, which

TABLE 1. Fow cytometry quantitation of MitoSox Red fluorescence

are not mutually exclusive. First, in P1 cells, ATP is
produced predominantly by anaerobic glycolysis, and
electron flow through the respiratory chain is severely
reduced, thus minimizing the uncontrolled electron
leak, as has been proposed for cells harboring the
mitochondrial ATP6 gene T8993G mutation (46). Sec-
ond, the redox functions of CoQ,, are based on its
ability to exchange two electrons in a redox cycle

Cell culture medium C P1 P2 P3
Galactose 2.15 £ 0.65 1.14 = 0.17 16.7 = 0.06%%* ND
Glucose-rich 0.07 = 0.03 0.02 £0.01 0.05 = 0.01 0.22 = 0.02*

Data are means * sp. C, control; ND, not determined; P1, P2, P3, patient 1, 2, 3, respectively. *P < 0.05; **P < 0.01.
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Figure 8. Quantitation of oxidative damage. A, B) Lipid
peroxidation assessed by Bioxytech LPO-568 assay kit. In
galactose medium, levels of lipid peroxides, malondialdehyde
(MDA), and 4-hydroxyalkenals (4HDA) were significantly
higher than normal in P2 and P3 cells but not in P1
fibroblasts. However, no differences between controls and
patients were appreciated in lipid peroxidation when the cells
were grown in glucose-rich medium. C, D) Protein oxidation
estimated by OxyBlot. Quantitation of carbonyl groups in
proteins revealed increases in all three patient cell lines in
galactose medium but was clearly higher in P2 and P3
fibroblasts. By contrast, protein oxidation was virtually absent
in both patient and control skin fibroblasts grown in high-
glucose medium. Control data are expressed as the mean *
sp of b different samples in triplicate experiments. Patient
data are expressed as the mean * sp of triplicate
experiments.*P < 0.05 vs. control; **P < 0.01 vs. control.

TABLE 2. Glutathione system

between the oxidized (ubiquinone) and the reduced
(ubiquinol) forms, thus allowing CoQ);, to act as an
antioxidant but also as a pro-oxidant through the
semiquinone intermediate (47, 48). Therefore, in the
setting of CoQ),, deficiency, increased ROS production
could be the result of enhanced semiquinone genera-
tion from increased redox cycling of the limited CoQ);,
pool. Third, the different subcellular locations of the
biosynthetic blocks may influence ROS production;
defects of extramitochondrial PDSS2 may produce a
“balanced” respiratory chain, while the intramitochon-
drial COQ2 defect may interfere with assembly or
stability of the respiratory chain enzymes and unbal-
anced oxidative phosphorylation with enhanced ROS
production. These factors may also account for the lack
of increased superoxide anion and lipid peroxides
observed in CoQ),,-deficient skin fibroblasts from a
patient with defect of trans-prenyltransferase activity
(23). We excluded the possibility that PDSS2 mutant
cells synthesize a ubiquinol with a short oprenoid side
chain (i, COQ, derived from conjugation of gera-
nylgeranyl pyrophosphate to para-hydroxybenozoate;
Fig. 1), which might function as an antioxidant but not
as an effective electron carrier in the mitochondrial
respiratory chain. Although increased mitochondrial
proton motive force has been associated with enhanced
ROS production (49), COQ2 mutant cells did not show
higher mitochondrial membrane potentials than PDSS2
mutant fibroblasts.

In conclusion, our observations, based on a small
number of cell lines, reveal potentially important differ-
ences in the pathogenic mechanisms of CoQ),, deficiency
due to different biosynthetic defects: mutations in COQ2
and PDSS2. These differences may explain the heteroge-
neous clinical phenotypes of patients and lead to more
rational therapeutic strategies aimed at reducing oxida-
tive stress, enhancing respiratory chain activity, or both. In
fact, P1 presented with Leigh syndrome, a condition
frequently lethal because of severe mitochondrial dysfunc-
tion due to a variety of genetic defects that impair ATP
synthesis (50), and did not respond to CoQ),, supplemen-
tation, whereas patients with mutations in COQ2 have
nephrotic syndrome, encephalopathies, or both that are
responsive to CoQ, (10, 51). Further investigation of the
effects of CoQ),, deficiency is necessary to validate our

Galactose medium

Glucose-rich medium

C P1 P2 P3 C P1 P2 P3
Total GSH (nmol/mg
protein) 274 +752 216*+099 249 +188 30.0+1.12 255=*+1.11 273=*+372 278 +26 ND
% GSSG 353+ 0.57 260*065 4.24+036 451 *+058 483+294 489 =*0.70 5.59+0.34 ND
GPx (nmol/min/mg
protein) 234+ 722 176 =262 31.2=* 8.65 ND 322 +13.1 24.7 £1.27 44.0*=13.2 ND
GRd (nmol/min/mg
protein) 15.8 +4.08 119+ 277 174+ 2.02 ND 21.1 = 5.0 19.4+099 279+81 ND

Data are means * sp. n = 5. Experiments performed in triplicate. C, control; GPx, glutathione peroxidase; Grd, glutathione reductase;
GSH, glutathione; GSSG, oxidized glutathione; ND, not determined; P1, P2, P3, patient 1, 2, 3, respectively.

PATHOGENESIS OF PRIMARY COQ;, DEFICIENCY

1883



findings and may provide additional insights into this
emerging group of metabolic disorders.
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