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Abstract. Ubiquinol (QH2) is a lipid-soluble molecule that participates in cellular redox reactions. Previous studies have shown
that yeast mutants lacking QH2 are hypersensitive to treatment with polyunsaturated fatty acids (PUFAs) indicating that QH2

can function as an antioxidantin vivo. In this study the effect of 1 mM linolenic acid on levels of Q6 and Q6H2 is assessed in
both wild-type and respiration-deficient (atp2∆) strains. The response of Q-deficient mutants to other forms of oxidative stress
is further characterized to define those conditions where QH2 acts as an antioxidant. Endogenous antioxidant defense systems
were also assessed in wild-type, Q-deficient, andatp2∆ strains. Superoxide dismutase (SOD) activity decreased and catalase
activity increased in both Q-deficient andatp2∆ mutants compared to wild-type cells, suggesting that such changes result from
the loss of respiration rather than the lack of Q.

Abbreviations

ECD, electrochemical detection; GSH, reduced glutathione; GSSG, oxidized glutathione; HPLC, high
performance liquid chromatography; MMS, methyl methanethiosulfonate; O−

2 , superoxide;·OH, hy-
droxyl radical; PUFAs, polyunsaturated fatty acids; Q, oxidized ubiquinone; Q6, ubiquinone-6; Q6H2,
ubiquinol-6; QH·, ubisemiquinone; QH2, ubiquinol/reduced ubiquinone; ROS, reactive oxygen species;
SOD, superoxide dismutase.

1. Introduction

Ubiquinone or coenzyme Q (Q) is an important redox component in several cellular reactions. Q is
an essential lipid-soluble electron transporter of the respiratory chain located in the inner mitochondrial
membrane [4]. Q performs this function by virtue of its head group, which undergoes reversible tran-
sitions from the oxidized form (Q) to the semiquinone (QH·) and to the reduced form (QH2). Much
evidence supports the idea that QH2 also functions as an effective membrane antioxidant and prevents
oxidative damage to lipids, proteins, and DNA [8]. In this capacity, QH2 may act directly to reduce lipid
peroxyl radicals or function indirectly to reduceα-tocopheroxyl radicals [8]. Q is present in most intra-
cellular membranes, including the Golgi, lysosomes, peroxisomes and plasma membrane [15,33]. While
the exact role of Q in these regions is not completely understood, it may function to inhibit lipid perox-
idation. Q also functions in a trans-plasma membrane electron transport chain that reduces extracellular
ascorbate and maintains the cytoplasmic redox state [22,29].
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While muchin vitro evidence suggests that QH2 acts as an antioxidant, the most convincing demon-
strations of the functional importance of antioxidant defense mechanisms in general derive fromin vivo
studies of mutants with defects in such systems. For example, the role of superoxide dismutase (SOD) as
an antioxidant is clearly demonstrated with mutant strains ofSaccharomyces cerevisiaelacking cytosolic
Sod1. These mutants have difficulty growing in air, are killed by 100% O2, and are extremely sensitive
to redox cycling agents such as paraquat [10].

We initiated studies to define further the role of QH2 as an antioxidant by characterizing the response
of Q-deficient mutant yeast to oxidative stress. Yeast mutants completely deficient in Q contain mutations
in one of eightcoqgenes (coq1–coq8) [25,32]. Strains lacking Q are respiration-deficient since the cells
do not grow on nonfermentable carbon sources [32]. Like the mutant strains lacking Sod1, mutant strains
with defects in Q synthesis display very specific phenotypes when challenged with oxidative stress [6,
19]. For example, the Q-deficient yeast are hypersensitive to the autoxidation products of polyunsaturated
fatty acids (PUFAs). Treatment with monounsaturated fatty acids, which are much less prone to autox-
idation, had no effect. As a result of PUFA exposure, there is a marked accumulation of hydroperoxide
and aldehyde products in thecoqmutant strain, and addition of antioxidants such as trolox or butylated
hydroxytoluene rescue the hypersensitivity. These results strongly suggest that under these conditions
PUFA autoxidation mediates the cell killing and that QH2 plays an important rolein vivo in protecting
eukaryotic cells from these breakdown products [6].

To continue our characterization of how the collection of yeastcoqmutants respond to oxidative stress,
the mutants were exposed to a variety of oxidizing conditions, and the response was compared to those
of both the parental wild-type strain and a respiratory-deficient control strain (containing a deletion in the
ATP2gene, encoding the F1 ATPaseβ subunit) [18]. In these same strains the status of several antioxidant
defense systems was measured.

2. Materials and methods

Strains and growth media.Table 1 describes the yeast strains tested in this study. Experiments used
standard growth media [1]: YPD (1% yeast extract, 2% peptone, 2% dextrose), YPE (1% yeast extract,
2% peptone, 3% ethanol), and YPG (1% yeast extract, 2% peptone, 3% glycerol). The SDC minimal me-
dia (0.18% yeast nitrogen base without amino acids, 2% dextrose, 0.14% NaH2PO4, 0.5% (NH4)2SO4)
was prepared as described [10]. SD-Leu and SD-Arg are SD media without leucine or arginine, respec-
tively. Solid media contained 2% agar. Yeasts were grown at 30◦C, and liquid cultures were shaken at
200 rpm.

Table 1

Genotype and sources ofSaccharomyces cerevisiaestrains

Strain Genotype Source
EG103 α leu2-3,112 his3∆1 trp1-289a ura3-52 [10]
DO103 EG103-atp2∆::LEU2 [6]
FW103 EG103-coq3∆::LEU2 [17]
W303.1B α ade2-1 his3-11,15 leu2-3,112 trp1-1 [20]

ura3-1 can1-100 canr

CC303 W303.1B-coq3∆::LEU2 [6]
CC304 W303.1B-atp2∆::LEU2 [6]
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Exposure to oxidizing agents.To test for yeast phenotypes that result from the lack of Q, cells were
exposed to a variety of agents. Strains were streaked on YPD or SDC plates and exposed to 100% or 5%
oxygen for four days at 30◦C. Plates were incubated aerobically at 30◦C for four days, and growth was
scored by the presence or absence of cells. Cells were additionally streaked on YPD plates containing one
of the following agents: CoCl2, FeCl2, FeSO4, MgSO4, MnSO4, NaCr2O7, NaSO3, ZnSO4, and NaCl.
Cells were also exposed to canavanine and grown on SD-Arg plates for four days at 30◦C. Amounts of
agents added to the media were increased until the minimum concentration required to inhibit growth
was observed relative to the control plate (no treatment).

Superoxide dismutase and catalase assays.Yeast strains grown in SDC (EG103) or SD-Leu (FW103,
DO103) media were harvested after 3 days incubation at 30◦C (OD600 nm = 8.5–10). Cell lysates were
prepared by glass bead lysis [3], and protein concentration was determined by the bicinchoninic acid
assay [26] (Pierce, Rockford, IL). SOD activity was measured with the 6-hydroxydopamine assay [13],
while catalase activity was determined according to Luck [16]. Values represent an average of three
separate measurements for each strain tested.

Glutathione content. Yeast strains were either grown in triplicate to log phase (OD600 nm = 1.0) in
50 ml SDC (EG103) or SD-Leu (FW103, DO103), in media supplemented with 1% tergitol and either
1 mM oleic or 1 mM linolenic acid, or for three days (OD600 nm = 12). Cells were harvested, and then
lysed with glass beads in 3.5% sulfosalicylic acid. Total glutathione (GSH+ GSSG) was determined
directly from cellular extracts, while oxidized (GSSG) glutathione levels were measured after extract
treatment with 2-vinylpyridine [12,30]. Values represent an average of three separate measurements for
each strain tested. Both total glutathione and GSSG assays were repeated at least three different times
for each sample tested.

Measurement of Q. Ubiquinone levels present in yeast were measured as described [24], with the fol-
lowing changes. Yeast were grown under the same conditions as described for the glutathione assay.
A 50 µl aliquot was taken from each culture and plated on SDC media to check for contamination.
Cells were then collected by centrifugation for 10 min at 2000 rpm (4◦C, Sorvall RC2-B), resuspended
in 10 ml H2O, and transferred to a 50 ml pre-weighed glass tube. Cells were pelleted for 10 min at
2000 rpm (4◦C, IEC Centra-7R) and resuspended in 12 ml H2O. Three 1 ml aliquots were taken to deter-
mine mg cell wet-weight. These aliquots were centrifuged for 3 min at 14,000 rpm (Eppendorf 5415C),
the supernatant removed, cell pellet wet-weight measured, and then dried for 24 hours at 80◦C to de-
termine the cell dry-weight. The remaining sample (9 ml) was centrifuged 10 min at 2000 rpm and the
total cellular wet-weight measured. Glass beads and H2O (10X and 3.5X cell pellet wet-weight, respec-
tively) were added to the pellets. The samples were flooded with N2 for 20 seconds, and kept on ice
in the dark. Cells were lysed by vortexing for two minutes. Lipids were then extracted by addition of
9 ml methanol and 6 ml petroleum ether to the samples, vortexed for 30 seconds, and then centrifuged
for six minutes at 2000 rpm. A known volume of the upper petroleum ether layer was removed with a
disposable glass pipette and transferred to a 10 ml volumetric glass tube. The same volume of petroleum
ether removed was added to the lysate and the sample was vortexed for another 30 sec. Lipids were ex-
tracted a total of three times. The petroleum ether removed was pooled and concentrated under N2 to a
final volume of 500µl and stored in the dark at−20◦C until analyzed. Q6H2 and Q6 were separated by
reversed-phase HPLC (Alltech Econosphere 5-µm, 4.6× 250 mm column) and measured with an ESA
Coulochem II electrochemical detector (E1:−450 mV, E2: 500 mV). The mobile phase contained 9 : 1
(vol : vol) methanol : ethanol and 100 mM lithium perchlorate and the flow rate was 1 ml/min. Methanol
was from EM Science, ethanol was from Pharmco, and lithium perchlorate (95%) was from Aldrich.
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The mobile phase was sparged continuously with helium (99.96%). Amounts of Q6H2 and Q6 were
determined directly from the ECD results by comparison to external standards. Q6 was reduced with
dithionite and stored in acidic-ethanol [5,24]. Values represent an average of three separate experiments,
and each experiment was analyzed in triplicate.

Statistical analysis. Statistical significance was determined using Student’st-test, and differences were
considered significant ifp < 0.05.

3. Results and discussion

3.1. Sensitivity to oxidizing agents

Q-deficient mutants ofS. cerevisiaecannot metabolize nonfermentable carbon sources such as ethanol
and glycerol [31]. To determine the affect of oxidative stress on the Q-deficient strains, mutants lack-
ing Q were exposed to a variety of oxidizing conditions and compared with wild-type and respiration
deficientatp2∆ strains. Plate growth assays showed that wild-type, Q-deficient, andatp2∆ strains exhib-
ited no differential sensitivity to treatment with 100% oxygen, paraquat, H2O2, andt-butyl hydroperox-
ide (data not shown). Treatment with metals can also induce oxidative damage. Metals such as copper
and iron undergo redox-cycling while other metals, like mercury and chromium, deplete intracellular
thiol and sulfhydryl groups and generate O−2 ·, H2O2, and·OH [28]. None of the strains were sensitive
up to 5 mM NaCr2O7, and CoCl2 or 10 mM FeCl2, FeSO4, MgSO4, MnSO4, ZnSO4, NaSO3 (data
not shown). All strains were similarly sensitive to AgNO3 and CdCl2 above concentrations of 2.0 and
0.5 mM, respectively. Wild type, Q-deficient and theatp2∆ mutants were all similarly sensitive to mena-
dione or NaCl. Menadione redox-cycling produces a menadione radical that can subsequently attack
DNA [23], promote O−2 generation, and release mitochondrial Ca2+ [9]. Treatment with high NaCl leads
to osmotic conditions that induce kinase-dependent stress-response pathways in yeast by upregulating
transcription of ARE and the high-osmolarity glycerol response (HOG) genes [21]. Both Q-deficient
andatp2∆ strains were more sensitive to copper and the arginine analog canavanine (Table 2). Canava-
nine is cytotoxic when taken up by cells and incorporated into proteins [11]. The Q-deficient strains are
more sensitive (40%) to methyl methanesulfonate (MMS), a DNA alkylating agent that produces a lethal
3-methyladenine lesion [36]. In fact, the expression ofCOQ7andCOQ8mRNA increases at least 2-fold
when treated with 0.07% MMS [7].

Table 2

Q-deficient yeast mutants are resistant to most forms of oxidative stress

Growth conditions Wild-type coq3∆ atp2∆
CuSO4 10 mM 6.6 mM 6.6 mM
Methyl methanethiosulfonate 0.013% 0.005% 0.013%
Canavaninea 113 mM 75 mM 75 mM

Cells were grown aerobically at 30◦C for 4 days on YPD plates con-
taining the stated compounds. The concentration indicated represents the
minimum required to observe growth inhibition relative to the control
plate (no treatment). Yeast strains tested were from both the EG103 and
W303 backgrounds.
aCells were grown on SD-arginine plates supplemented with canavanine
at 30◦C for 4 days.
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Fig. 1. Changes in superoxide dismutase and catalase activities in Q-deficient yeast are due to the loss of respiration and not
the lack of Q. Strains were grown to stationary phase for three days at 30◦C and total proteins isolated by glass bead lysis.
SOD (A) and catalase (B) activities were measured, and values represent an average of three separate measurements for each
strain tested.∗p < 0.05; •p < 0.01.

3.2. Loss of respiration alters SOD and catalase activities

The loss of respiration may alter activities of other antioxidants due to decreased oxidative stress. To
test this hypothesis, the levels of SOD and catalase activities were measured in yeast strains grown over
several days. In the respiratory-deficient mutants, SOD activity decreases by 2-fold and catalase activity
increases by 1.5-fold (Fig. 1). The difference observed between the mutants and the wild-type results
from the loss of respiration and not the lack of Q, as the activities of both enzymes in thecoq3∆ and the
atp2∆ mutants are the same.

3.3. Growth in the presence of linolenic acid affects the GSH/GSSG redox status

The changes observed in both SOD and catalase activities suggest that other antioxidant systems may
also be altered when the ability to respire is lost. To test this hypothesis, cells were subjected to long term
incubation, or grown to log phase in media containing oleic or linolenic acid. After three days in culture,
GSH/GSSG is the same for the wild-type, the Q-deficient, and theatp2∆ strains (Fig. 2A). Log phase
cells contain considerably more total glutathione than stationary phase cells (Fig. 2C). In log phase
cultures, or log phase cultures treated with oleic acid, wild-type cells contained the same GSH/GSSG
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Fig. 2. Linolenic acid treatment decreases the GSH/GSSG ratio. Yeast strains EG103 (wild-type, stippled), FW103 (coq3∆,
shaded) and DO103 (atp2∆, hatched) were harvested after 3 days incubation, at log phase, or at log phase in media supplemented
with 1% tergitol and 1 mM oleic or 1 mM linolenic acid. The GSH/GSSG ratio (A) and % GSSG (B) were calculated from the
total glutathione (GSH+ GSSG, panel (C)) and oxidized (GSSG) levels. Values represent an average of three separate analyses
for each strain, and each experiment was done in triplicate.

ratio as found in stationary phase cells, while this ratio decreased by 60% in both the Q-deficient and
theatp2∆ mutants. Yeast cells are reported to be more resistant to oxidative stress induced by H2O2 and
linolenic acid in stationary phase than log phase [7,27,35]. While growth in the presence of linolenic
acid did not substantially affect total glutathione levels, the GSH/GSSG redox status was decreased in
all three strains (Fig. 2C), indicating that this decrease does not specifically result from the lack of Q.

3.4. Growth in the presence of linolenic acid does not affect Q6H2 levels

Levels of Q6H2 and Q6 were measured in wild-type andatp2∆ cells grown under the same conditions
used in the glutathione experiment (Table 3). Results indicate that wild-type cells contain 1.8-fold more
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Table 3

Levels of Q6H2 and Q6 in log phase and long term yeast cultures

Sample ng Q6 ng Q6H2 total Q (Q6+ Q6H2) % Q6H2

mg dry weight mg dry weight mg dry weight
Stationary W.T. 17.85± 3.07 103.93± 7.93 121.78± 9.14 85.35± 2.06

(8 OD600 nm) atp2∆ 8.87± 0.26 57.87± 4.68 67.84± 7.06 85.51± 4.11

Log W.T. 13.08± 1.78 21.17± 6.65 34.25± 8.43 61.12± 4.18
(1 OD600 nm) atp2∆ 5.63± 0.29 18.58± 3.98 24.21± 4.23 76.29± 3.35

Log + oleic W.T. 5.09± 0.95 11.63± 1.77 16.72± 2.70 69.47± 0.98
(1 OD600 nm) atp2∆ 3.94± 0.27 18.65± 1.63 22.59± 0.65 82.52± 0.65

Log + linolenic W.T. 12.42± 2.35 23.38± 5.73 35.79± 8.07 65.12± 1.31
(1 OD600 nm) atp2∆ 3.81± 0.25 23.24± 1.92 27.05± 2.12 85.90± 0.63

Strains (EG103 or DO103) grown in 2% dextrose minimal media, with or without 1 mM oleic or 1 mM linolenic
acid, and were harvested at log phase or after three days of incubation, and lipids extracted into petroleum ether
following glass bead lysis. Levels of Q6H2 and Q6 are measured by HPLC/ECD. Values represent an average of
three separate experiments for each strain tested, with three different measurements per experiment.

total Q (Q6 + Q6H2) thanatp2∆ cells when grown to stationary phase, though the percent Q6H2 is the
same for both strains. Log phase cells (both wild-type andatp2∆) consistently contained less Q6H2 than
stationary phase cells; yet the percent Q6H2 for atp2∆ was always significantly higher than wild-type
(p < 0.05). The addition of 1 mM linolenic acid to the growth media had no effect on total Q levels
in log phase cells. However, the addition of 1 mM oleic acid decreased total Q levels by 51% in wild-
type cells. This decrease in Q levels correlates to the 64% decrease in total glutathione levels (Fig. 2C).
Since wild-type yeast can utilize oleic acid as the sole carbon source while respiratory-deficient mutants
cannot, the changes observed in both total Q and glutathione levels may result from metabolism of oleic
acid by wild-type yeast.

4. Conclusions

The function of QH2 as an antioxidant was explored in yeast mutants lacking ubiquinone. Q-deficient
yeast were found to be insensitive to oxidative stress conditions under whichsod∆ mutants cannot grow.
Exposure to 100% O2, paraquat, peroxides, metals, and DNA modifiers had little effect oncoq∆ growth.
Any differences detected between wild-type and Q-deficient mutants were due to the loss of respiration
and not the lack of Q. These results also support the finding that QH2 does not protect against hydroxyl
(·OH) or alkoxy radicalsin vivo [6]. These experiments indicate that Q-deficient mutants are sensitive to
specific agents including linolenic acid [6,19], copper, canavanine, and MMS treatments.

Linolenic acid treatment decreases GSH/GSSG in all the strains tested and has no effect on Q6H2 levels
(Fig. 2 and Table 3). This finding indicates that the glutathione system does not functionally interact
with QH2. Ubiquinone is present in a number of intracellular membrane regions [15,33]. In this study
we found that more than 60% of ubiquinone in yeast is in the reduced form (Table 3), and that at least
80% of the total ubiquinone is found in the mitochondria of cells grown in either glucose or lactate
media [14]. Levels of Q6H2 were unaffected by the presence of 1 mM linolenic acid in the growth media.
This result may indicate that either linolenic acid is unable to distribute throughout the cell and reach the
entire Q population; that other intracellular antioxidant systems, such as GSH and NADPH, scavenge the
oxidative products sparing QH2; or that under these growth conditions enzymatic systems reduce Q at a
faster rate than QH2 oxidation.
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In these studies we show that Q-deficient mutants are resistant to most forms of oxidative stress. We
also show that the loss of respiration causes alterations in SOD, catalase, and glutathione levels and
results in decreased levels of total Q in long term culture conditions. How these respiratory deficient
mutants respond to oxidative stress, and whether ubiquinol plays a role in this response, warrants further
investigation. Respiratory deficiencies result when mitochondrial DNA is mutated [34]. This respiratory-
chain impairment could generate high levels of oxidative stress that is postulated to promote aging and
disease progression [2]. Continued examination of the cellular mechanisms that maintain Q in its reduced
form and determination of the localization of Q in yeast are important to understanding how Q protects
the cell.
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