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Yeast plasma membrane contains an electron trans-
port system that maintains ascorbate in its reduced
form in the apoplast. Reduction of ascorbate free radical
by this system is comprised of two activities, one of them
dependent on coenzyme Qg4 (CoQg). Strains with defects
in CoQg synthesis exhibit decreased capacity for ascor-
bate stabilization compared with wild type or with atp2
or corl respiratory-deficient mutant strains. Both CoQgq
content in plasma membranes and ascorbate stabiliza-
tion were increased during log phase growth. The addi-
tion of exogenous CoQgz to whole cells resulted in its
incorporation in the plasma membrane, produced levels
of CoQg in the cog3 mutant strain that were 2-fold higher
than in the wild type, and increased ascorbate stabiliza-
tion activity in both strains, although it was higher in
the cog3 mutant than in wild type. Other antioxidants,
such as benzoquinone or a-tocopherol, did not change
ascorbate stabilization.

The CoQg-independent reduction of ascorbate free
radical was not due to copper uptake, pH changes or to
the presence of CoQg biosynthetic intermediates, but
decreased to undetectable levels when coq3 mutant
strains were cultured in media supplemented with fer-
ric iron. Plasma membrane CoQg levels were unchanged
by either the presence or absence of iron in wild type,
atp2, or corl strains. Ascorbate stabilization appears to
be a function of the yeast plasma membrane, which is
partially based on an electron transfer chain in which
CoQg is the central electron carrier, whereas the re-
mainder is independent of CoQgz and other antioxidants
but is dependent on the iron-regulated ferric reductase
complex.

All aerobic organisms are exposed to the toxic effects of
reactive oxygen species (ROS).! These are produced during
normal metabolism and can also be generated by exposure to
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pro-oxidant compounds, an increase in oxygen pressure, or
exposure to ionizing radiation (1). These ROS produce damage
to many cellular components, affecting the function of lipids,
proteins, and nucleic acids. However, in normal conditions,
cells have a number of defense systems to avoid or minimize
these problems. A good example is Saccharomyces cerevisiae,
which has at least 14 proteins that participate in ROS protec-
tion (1, 2). The majority of anti-ROS mechanisms act inside the
cell; however, little is known about mechanisms that protect
against oxidative reduction. Some metabolic reactions involved
in metal uptake produce superoxide at the apoplast (3), such as
iron reduction, which is regulated by the presence or absence of
iron in the culture medium (4). These ROS at the plasma
membrane initiate lipid peroxidation and generate a wide ar-
ray of oxidation products including shorter fatty-acyl chains.
Such products impair membrane function and structural integ-
rity and increase the membrane fluidity. The plasma mem-
brane must have a defense system to scavenge free radicals and
repair oxidative damage. A good candidate may be the redox
couple ascorbate-ubiquinone. Ascorbate is a first order antiox-
idant and, because it scavenges free radicals in the aqueous
phase of cells, is considered to be the terminal small molecule
antioxidant in biological systems (5). Although ascorbate is a
very efficient inhibitor of the lipid peroxidation process, it
cannot inactivate the free radical effects within the plasma
membrane (6). Recently, we showed that yeast cells have the
ability to reduce ascorbate free radical by an enzymatic mech-
anism that depends on NADH as the electron donor and is
inhibited by ubiquinone antagonists, such as chloroquine (7).
Ubiquinone is a hydrophobic redox molecule located in differ-
ent membranes, including the plasma membrane in animal
cells (8). The redox chemistry of CoQ is crucial for its role in the
plasma membrane electron transport system, where the
ubiquinone acts as a carrier between an internal NADH-dehy-
drogenase and an external side final acceptor (9). This NADH
deshydrogenase activity is attributed to a NADH-ubiquinone
reductase in the plasma membrane of pig liver hepatocytes (10,
11). The ubiquinone present in S. cerevisiae is ubiquinone-30
(CoQpg), and yeast mutants with defects in the COQ genes are
being used to characterize the enzymes involved in CoQg syn-
thesis pathway (12—-15). Recently, its importance as an antiox-
idant was illustrated by the hypersensitivity of CoQg-deficient
yeast mutants to oxidative stress induced by treatment with
polyunsaturated fatty acids (16). The present work employs
yeast mutants deficient in CoQg synthesis to study the rela-
tionship between the extracellular ascorbate stabilization and
CoQg. The results of this study suggest that part of the ascor-
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TABLE I
Genotype and sources of S. cerevisiae strains

Strain Genotype Ref.
W303.1B MAT a ade2-1, his3-11, 15, leu2-3, 112, trpI-1, ura3-1 42
CC303.1 W303.1B-coq3A:: LEU2 16
W303AC0Q7 W303.1B-coq7A:: LEU2 14
W303AC0OQ2 W303.1B-coq2A:: HIS3 12
CC304.1 W303.1B-atp2A2:: LEU2 16
W303ACOR1 W303.1B-cor1::HIS3 43
CM3262 MAT a inol-13 leu2-3,112 gcn4-101 his3-609 ura3-52 25
FTRUNB1 CM3262Actrl:: URA3 25

bate stabilization by whole cells depends on the CoQg content of
the plasma membrane and can be increased by the external
addition of CoQg. Both ascorbate stabilization and CoQg con-
tent in plasma membrane can be also restored by transforma-
tion with plasmids containing the COQ3 or COQ7 genes. Ascor-
bate stabilization activity and plasma membrane CoQg content
are regulated as a function of the growth phase. The CoQ4-
independent ascorbate stabilization is not due to CoQg biosyn-
thetic intermediates or other antioxidants but is apparently
due to electron transport by the plasma membrane ferric re-
ductase complex. The CoQg-independent ascorbate stabiliza-
tion is suppressed when the coq3 mutant strain is cultured in
media supplemented with ferric iron. The results indicate that
ascorbate stabilization is due to two electron transport systems
in the yeast plasma membrane, one dependent on CoQg and the
other dependent on the iron-regulated ferric reductase
complex.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions—The yeast strains used in this
study are described in Table I. Plasmids pRS12A2-2.5SB (13) and
pNMQ71 (14) restored both CoQ synthesis and growth on nonferment-
able carbon sources in strains harboring deletions in the COQ3 and
COQ7 genes, respectively. Cells were grown on YPD medium (2% pep-
tone, 1% yeast extract, and 2% glucose) incubated at 30 °C with shaking
(17). Yeast harboring the plasmids pRS12A2-2.5SB and pNMQ71 were
grown in synthetic complete medium (16). In experiments with iron, 2
mM Fe-EDTA was added to YPD, and the YPD minus iron was made
removing the iron with several washings with 5% hydroxyquinoline in
chloroform, pure chloroform, and ether (18).

In Vivo Assays—The ascorbate stabilization assay was described
previously (7). Growth was monitored by determining the A4 .y, and
the cultures were collected in late log phase (A440 .., = 3-3.5). Cells
were washed once in 5 mm EDTA, pH 8, and twice in cold water.
Ascorbate oxidation was followed by the direct reading at 265 nm, with
an extinction coefficient of 14.5 mM™ *em ™' at pH 7.4 (5). Cells were
resuspended at 107 cells/ml in 0.1 M Tris-HCI buffer, pH 7.4, with 0.06
uM CuSO,. The addition of ascorbate (final concentration, 0.15 mm) to
the cell suspension initiated the ascorbate oxidation due to the presence
of Cu®*. Cells were removed by centrifugation, and the supernatants
were used to measure the ascorbate oxidation rates. Ascorbate stabili-
zation is defined as the difference between the oxidation rate of ascor-
bate in the presence of cells (and after treatments as indicated) and the
oxidation rate without cells.

Iron reduction was measured using the methods described in Ref. 19.
Cells (0.5 mg of dry weight/ml) were resuspended in reaction buffer (50
mM sodium citrate, pH 6.5, and 5% glucose). After incubation for 10 min
at 30 °C with magnetic shaking, 1 mm bathophenanthroline disulfonic
acid and 1 mm ferric chloride were added. Iron reduction was assayed by
the formation of the complex bathophenanthroline disulfonic acid-
Fe(II), as monitored by absorbance readings at 535 nm with an extinc-
tion coefficient of 17.5 mM ™ '-cm ™.

Isolation of Plasma Membranes—Yeast plasma membranes were
purified by disruption of cells with glass beads followed by a step
sucrose gradient (20). These preparations were used for CoQg determi-
nations. Protein was determined by the dye-binding method modified
for membrane samples with y-globulin as standard (21).

Biochemical Markers—Plasma membrane ATPase was measured as
the liberation of inorganic phosphate (22). Cytochrome ¢ oxidase activ-
ity (inner mitochondrial membrane marker) and NADPH-cytochrome ¢
reductase activity (endoplasmic reticulum marker) were determined as
described (23). IDPase activity (Golgi marker) was measured as de-

scribed (24). Outer mitochondrial membrane contamination was deter-
mined measuring the presence of porin in plasma membrane fractions
by means Western blotting. Fractions were analyzed by SDS-PAGE and
subsequent transfer into nitrocelulose membrane (Millipore). Mem-
branes were blocked in 50 mM Tris-HCI buffer, pH 7.0, containing 200
mM NaCl, 0.05% Tween 20, and 2% skim milk for 1 h and then incu-
bated for 1 h with anti-porin (polyclonal antibody, developed in rabbit
and kindly provided by V. Haucke, Biozentrum, University of Basel,
Basel, Switzerland). Membranes were incubated with alkaline-phos-
phatase-conjugated anti-rabbit secondary antibody.

Coenzyme Qg4 Extraction—CoQg extraction of whole cells was initi-
ated with a saponification of cell pellets. Yeast samples (about 0.5 g of
wet weight) were weighed out and added to 10 ml of a methanolic
potassium hydroxide solution (65 g of potassium hydroxide in 650 ml of
90% methanol in water) containing 0.81 g of pyrogallol in a 40-ml
saponification flask. The mixture was heated under reflux in a water
bath for 30 min and cooled to 25 °C after leaving the flask on ice. The
dark saponified sample was filtered through a syringe with glass wool
and was extracted three times with hexane (10 ml) (2 min with shak-
ing). The upper phase of hexane was recovered, pooled, and then evap-
orated under vacuum in a Rotavapor (Biichi, Flawil, Switzerland). The
residue was dissolved in 500 ul of ethanol.

Extraction of CoQg from plasma membrane samples (500 ul, 0.5-1
mg of protein) was carried out by adding an equal volume of 2% SDS
and vortexing for 1 min; then, 1 ml of 5% isopropanol in ethanol was
added, and samples were vortexed for 1 min. To recover CoQg, 5 ml of
hexane were added, and the mixture was vortexed at top speed for 1
min and centrifuged at 1000 X g for 5 min. The upper phase was
recovered, dried, and dissolved in 200 ul of ethanol.

Coenzyme Qg4 Determination—Chromatography was performed with
a Beckman high performance liquid chromatography system composed
of two 126—2 pumps and a 168—4 detector. Data were collected with a
System Gold V810 software. The reverse phase column (Ultrasphere
C-18, 5 um, 4.6 X 250 mm) was equilibrated in 90% methanol and 10%
ethanol at 1 ml/min, and after 10 min, the sample was injected. After
data collection (20 min) the percentage of ethanol was increased to
100% in 5 min, and then the mobile phase was returned to the initial
composition. Quantitation of CoQg was made by injection of external
standard of known amounts of commercial CoQg (Sigma). The concen-
tration of standard was determined using a extinction coefficient meas-
ured using the method described above, and showed a value of 15.33
mM “em ™!, in agreement with previous work (14).

RESULTS

Measurement of Ascorbate Stabilization in Respiratory-defi-
cient, CoQg-deficient, and Wild Type Yeast Strains—The stabi-
lization of extracellular ascorbate was determined to be about
32 nmol/107 cells/h in the wild type strain W303.1B (Fig. 1).
Mutant strains harboring a deletion in either cog3, coq7, or
cog2, and hence unable to synthesize CoQg, showed an ascor-
bate stabilization activity that was about 65% that of wild type.

Because coq3, coq2, and coq7 yeast are unable to respire, the
decrease in ascorbate stabilization activity might result from
the respiration-defective phenotype. To test this possibility, a
strain carrying a deletion of the ATP2 gene (encoding the
B-subunit of the mitochondrial F1 ATPase) and a strain carry-
ing a deletion of the COR1 gene (encoding a protein subunit of
bcl mitochondrial complex) were studied. As shown in Fig. 1,
the ascorbate stabilization activity in the atp2 null and corl
mutant strains was not impaired and, in fact, was slightly
higher than in the wild type. Transformation of the cog3 and
coq7 mutants with single copy plasmids containing the COQ3
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Fic. 1. Ascorbate stabilization is reduced in yeast mutants
that lack CoQg. Cells were harvested during final log phase to meas-
ure the ascorbate stabilization as described under “Experimental Pro-
cedures.” Specific activity is shown as the mean + S.E. of three separate
experiments. cog3::Q and coq7::Q are strains coq3 and coq7 transformed
with plasmids that carry the wild type genes COQ3 and COQ7, respec-
tively. wt, wild type.

and COQ7 yeast genes, respectively, restored the ascorbate
stabilization activity to that of wild type cells.

All strains displayed a CoQg-independent ascorbate stabili-
zation activity. Because decreases in either the pH of the buffer
or the copper concentration could decrease the rate of ascorbate
oxidation, these parameters were investigated. The pH was
unchanged throughout the assays when run for 4 h. The prop-
erty to oxidize ascorbate by buffer was abolished when copper
was not added (Fig. 2). The incubation of cells for 4 h in buffer
(here named conditioned buffer) did not change its property to
oxidize ascorbate. This conditioned buffer still contained copper
and did not contain any protein released from the cells during
incubation.

When cells were present, ascorbate oxidation rates were
decreased (Fig. 2) as a consequence of ascorbate stabilization at
the plasma membrane (7). Boiled cells lost the ability to pre-
vent ascorbate oxidation. Because copper is required to oxidize
ascorbate and yeast have a high affinity copper transporter, we
checked this activity in the FTRUNBI1 strain lacking copper
transporter at the plasma membrane (25). This strain showed
the same ascorbate stabilization as the wild type parental
strain (CM3262). These results rule out copper uptake as re-
sponsible for the CoQg-independent ascorbate stabilization.

Neither superoxide dismutase nor catalase modified the
ascorbate oxidation rates observed in the presence of cells,
indicating that the ascorbate stabilization by yeast was not due
to the production of ROS during the oxidation of ascorbate.

Determination of CoQg Content in Yeast Cells and Plasma
Membrane Fractions—The concentration of CoQg was meas-
ured in both whole cells and plasma membrane purified frac-
tions of all yeast strains harvested during the final log phase of
growth. Yeast lipid extracts were separated by high perform-
ance liquid chromatography, and CoQg was identified based on
its retention time of about 17 min at 20 °C and by the charac-
teristic spectrum of the quinone. Wild type contained about 18
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Fic. 2. Effect of copper on ascorbate oxidation rates. Ascorbate
oxidation was followed in assay buffer with or without copper. Condi-
tioned buffer was established after the incubation of 107 cells/ml for 4 h
after the cells were discarded. Also, ascorbate oxidation was stimulated
in buffer containing the CM3262 strain (wild type) and the FTRUNB1
strain, which lack the copper transporter. Specific activity is shown as
the mean = S.E. of three separate experiments. Full, buffer with
copper; Cond, conditioned buffer.

Cells

pmol of CoQg/mg of dry weight whole cells (Table II). This level
of CoQg was 25% higher than present in the atp2 strain and
33% lower than in the corl strain. CoQg was not detected in the
coq3, coq7, or cog2 mutant strain, but CoQg synthesis was
restored when these strains harbored the respective COQ3 or
CORQY7 genes on a single copy plasmid.

The CoQg concentration was also determined in yeast
plasma membrane fractions. Wild type yeast atp2 and corl
mutant strains contained about 150, 195, and 236 pmol
CoQg/mg protein, respectively. Again, CoQs was not detected in
the plasma membrane fraction isolated from the cog3, coq7, or
coq2 mutant.

Different membrane markers were used to check the purity
of plasma membrane fractions (Table III). The plasma mem-
brane marker ATPase was highly enriched in plasma mem-
brane fractions compared with total membranes isolated by the
sucrose gradient method. However, endomembrane markers
were greatly decreased in these fractions. Thus, CoQg concen-
trations determined here represent those extracted from the
plasma membrane. We did not detect porin (a marker of the
mitochondria outer membrane) by Western blotting of plasma
membrane fractions with a polyclonal antibody against yeast
porin (data not shown).

Measurement of Ascorbate Stabilization and CoQ4 Content at
Different Growth Stages—Ascorbate stabilization by both wild
type and coq3 mutant strains was determined during log and
stationary phases of growth. Both strains reached stationary
phase between 9 and 12 h, although the wild type culture
attained a higher density than the cog3 mutant (Fig. 3A).
Ascorbate stabilization in wild type cells was increased during
log phase and reached a plateau at the end of log phase (Fig.
3B). Ascorbate stabilization in the coq3 strain showed a slight
increase during the first 6 h but then decayed to the initial level
(Fig. 3B).

CoQg content in both total and plasma membrane fractions
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TaABLE II
Concentration of coenzyme Qg in plasma
membrane fraction and whole cells

All strains were grown in the appropriate medium, harvested in final
log phase, and processed to extract and determine CoQg concentration.
Data (mean *= S.E. from two separate experiments) are expressed in
pmol/mg of protein in plasma membrane and pmol/mg of dry weight in
whole cells.

CoQg concentration

Strain

Plasma membrane Whole cells
Wild type 150 £ 8 18+1
coq3 ND< ND
coq3:pRS12A2-2.5SB® 280 + 5 15 + 0.2
coq7 ND ND
coq7:pNMQ7° 286 * 4 17 = 0.3
coq2 ND ND
corl 236 = 9 27 £ 0.9
atp2 195 = 10 14+1

* ND, not detected.
® The medium used was SD to avoid the loss of plasmid.

TaBLE IIT
Biochemical markers of membranes to check the plasma membrane
cross-contamination with other endomembranes

The samples used were obtained using glass beads disruption and a
sucrose step gradient. All activities were measured with 20-30 ug
protein/ml of reaction volume and each assay was performed at 30 °C.
Activity data (mean *= S.E. from two or three experiments) are ex-
pressed in nmols/mg/min. PM, plasma membrane; MF, total cell mem-
branes; DES, diethylstibestrol-sensitive; GA, Golgi apparatus; ER, en-
doplasmic reticulum; IM, mitochondrial inner membrane.

Marker MF PM
ATPase DES-sensitive 186 + 12 810 * 28 (435)*
(PM)
IDPase (GA) 353 * 10 16 + 3 (4.5)
NADPH cytochrome ¢ 36 +5 2 +0.1(5.5)
oxidoreductase (ER)
Cytochrome c¢ oxidase 895 *+ 26 7*+0.3()

(IM)

“ Numbers in parentheses indicate the percentage versus MF.

increased with culture density in wild type yeast (Fig. 4). The
increase in plasma membrane content was particularly marked
and followed apparently the same pattern as the observed
ascorbate stabilization activity (Fig. 3B).

Effect of External CoQ 4 Addition on Ascorbate Stabilization
and CoQg4 Content—Our results suggest that plasma mem-
brane CoQg participates in ascorbate stabilization. To deter-
mine the effect of CoQg supplementation on ascorbate stabi-
lization, both wild type and cog3 mutant yeast were
incubated with exogenous CoQg (Table IV). Both wild type
and cog3 strains were cultured and harvested in mid log
phase, resuspended in buffer (108 cells/ml), and incubated 1 h
at 30 °C with or without 50 um CoQg. After the incubation,
cells were used to determine the ascorbate stabilization and
to measure the CoQg content in plasma membrane purified
by sucrose step gradient. Exogenous CoQg significantly in-
creased the content of CoQg in the plasma membrane of the
wild type strain and also increased the rates of ascorbate
stabilization (Table IV). Exogenous CoQg was incorporated in
coq3 cells and attained a concentration at the plasma mem-
brane that was almost twice that of wild type (Table IV). Such
treatment resulted in a 58% increase in ascorbate stabiliza-
tion activity in the coq3 strain.

The same incubation experiments were carried out with two
well known antioxidants, benzoquinone and a-tocopherol. Nei-
ther of the two compounds showed a significant effect on ascor-
bate stabilization (Table IV).

Ascorbate Stabilization and CoQ4 Contents in Cells Cultured
in the Presence or Absence of Iron—Ascorbate stabilization in
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Fic. 3. Ascorbate stabilization by wild type and coq3 strains
during different stages of growth. YPD cultures (500 ml) were
inoculated with both strains (106 cells/ml), and the growth was moni-
tored by absorbance at 660 nm (A). Every 2 h, an appropriate cell
culture volume was taken to measure the ascorbate stabilization (B).
Ascorbate stabilization activity is shown as the mean *= S.E. of three
determinations. Open circles, wild type strain; closed circles, coq3
strain.
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Fic. 4. CoQg content in whole cells and plasma membrane
during different phases of growth. CoQg concentration is shown as
the mean of two determinations (S.E. = 5%) and is expressed as
pmol/mg of protein in plasma membrane fractions and as pmol/mg of
dry weight in whole cells. Open circles, wild type whole cells; closed
circles, wild type plasma membrane fractions. CoQg was not detected in
coq3 cells.

several strains cultured in media with or without 2 mwm iron
was measured (Fig. 5A). Wild type, atp2 and corl strains dis-
played high ascorbate stabilization in iron-deprived media, and
this activity was decreased when iron was present. The ascor-
bate stabilization in the coq3 strain also showed an iron-regu-
lated ascorbate stabilization that was almost abolished in the
presence of iron. The ferric iron reductase, measured under the
same conditions as the ascorbate stabilization, was similar in
all strains (Fig. 56B) and was similarly modulated by the pres-
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TaBLE IV
Effects of exogenus CoQ incubation on the ascorbate stabilization activity and CoQg4 content of plasma membrane
Cells of both strains were cultured and harvested in final log phase, resuspended in buffer (10° cells/ml) and incubated for 1 h at 30 °C with or
without 50 uM CoQg 50 uM benzoquinone, and 30 uM a-tocopherol. After the incubation, cells were used to measure the ascorbate stabilization and
to determinate the CoQg content previous plasma membrane purification. The method was described under “Experimental Procedures.” Ascorbate
stabilization data (mean = S.E. from three separate experiments) were expressed in nmol/107 cells/h, and CoQg content data (mean *+ S.E. from

two separate experiments) were expressed in pmol/mg protein.

Strain Additions Ascorbate stabilization CoQg content
Wild type None 24.9 + 0.2 (100)* 339 + 15 (100)
CoQg 30.8 = 1.3 (123) 492 + 18 (145)
Benzoquinone 26.87 = 1.3 (108) NM?
a-Tocopherol 25.1 0.5 (101) NM
coq3 None 19.5 = 0.7 (100) ND
50 uM CoQg 30.90 * 0.31 (158) 710 = 45
Benzoquinone 21.3 = 0.31(109) NM
a-Tocopherol 21.6 = 0.63 (110) NM

“ Numbers in parentheses show the percentage versus control (no addition).

® NM, not measured; ND, not detected.
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FiG. 5. Ascorbate stabilization and ferric reduction in several
strains cultured in iron presence or absence. A, ascorbate stabi-
lization. Cells were harvested during final log phase, and the activity is
shown as the mean *= S.E. of three separate experiments. B, ferric
reduction. Cells were harvested during final log phase, and the activity
is shown as the mean * S.E. of three separate experiments. In both
experiments, + indicates cells cultured in YPD with the addition of 2
mM FeEDTA, and — indicates cells cultured in YPD without iron (iron
was extracted using a chemical method described under “Experimental
Procedures”).

ence or absence of iron. The coq3 strain displayed a higher
ability to reduce ferric iron, twice that of the other respiratory-
deficient mutant strains. The presence or absence of iron in the

TABLE V
CoQg contents in several strains cultured
in the presence or absence of iron
All strains were grown in YPD plus 2 mMm FeEDTA or YPD with iron
extracted, harvested in final log phase, and processed to extract and
determine CoQg. Concentration data (mean * S.E. from two separate
experiments) are expressed in pmol/mg of protein of plasma membrane.

Plasma membrane CoQg concentration

Strain
YPD + 2mM Fe-EDTA YPD without Fe
Wild type 158 =5 151+ 6
coq3 ND« ND
corl 209 = 11 220 £ 9
atp2 200 =5 206 = 7

“ ND, not detected.

culture did not significantly change the CoQg content in these
strains (Table V).

DISCUSSION

Extracellular ascorbate stabilization is an activity present
not only in yeast but in other animal and plant cells (26, 27). In
animal cells, the function is clearly directed to the maintenance
of an optimal redox state and may be related to effects on cell
growth and differentiation (28, 29). In plants, extracellular
ascorbate stabilization plays an important role in cell elonga-
tion through ascorbate peroxidases (30). In yeast, we recently
showed that a plasma membrane electron transport system,
which depends on the viability of intact cells or protoplasts, is
responsible for ascorbate stabilization, indicating the possible
participation of plasma membrane CoQg (7).

To determine the functional requirement of CoQg in ascor-
bate stabilization, we have studied mutant strains with defects
in CoQg synthesis. No CoQg was detected in the plasma mem-
brane or whole cells of these strains, which also showed a lower
activity of ascorbate stabilization. Wild type yeast atp2 and
corl (respiratory-deficient strains) contained detectable CoQy,
although its distribution inside the cell was different. Thus,
although wild type cells had a higher content of CoQg than did
the atp2 mutant, the latter contained more CoQg at the plasma
membrane. However, both the plasma membrane and whole
cell CoQg content is higher in corl mutant strains than in wild
type cells. These findings may account for the higher ascorbate
stabilization activity in the a¢p2 and corl strains and indicate
that ascorbate stabilization is not dependent on mitochondrial
respiratory function. An explanation of this behavior derives
from the observed increase of trans-plasma membrane electron
transport in mitochondrial-deficient animal cells, which prob-
ably functions to regulate the ratio of cytosolic NAD*/NADH
levels (31, 32). Previous work has shown that the establish-
ment of a mitochondrial-deficient cell line produced increases
in both plasma membrane CoQ content and the ascorbate sta-
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bilization activity (33). These results are all consistent with the
idea that the higher CoQg content in the corl and atp2 strains
may result from the imposed respiratory deficiency.

In S. cerevisiae, plasma membrane protein represents 1-2%
of total cell protein (34). Considering this percentage, plasma
membrane CoQg constitutes 8—16% of the total CoQg in the
cell. This value was increased in both wild type and respiratory
defective yeast strains after the incubation of cells in buffer
with exogenous CoQg (Table IV).

Yeast CoQg synthesis and CoQg content is increased during
log phase growth and reaches a maximum at stationary phase
(15). Similarly, CoQg content in both plasma membrane and
whole cells increased during log phase growth, but the accu-
mulation of CoQg in plasma membrane increased dramatically
as compared with whole cells. Ascorbate stabilization showed a
similar increase but reached a plateau at the stationary phase.
CoQ exerts its antioxidant function when it is reduced and
requires an appropriate equilibrium with its reductase, such as
cytochrome by reductase, at the plasma membrane (35). This
behavior during growth is similar to that observed for other
plasma membrane redox activities in yeast (36). The cog3 mu-
tant strain also showed a slight increase in ascorbate stabili-
zation during the first hours of log phase growth, but instead of
reaching a plateau, the ascorbate stabilization quickly re-
turned to basal levels of activity. Thus, this activity may be due
to another component that was increased during the growth.

Exogenous CoQg was incorporated in the plasma membrane
of both wild type and cog3 strains, although the latter showed
a very high capacity to incorporate CoQg. As a consequence of
incubation with exogenous CoQg, ascorbate stabilization was
stimulated in wild type and was restored to wild type levels in
the cog3 mutant. Exogenous CoQ stimulates the trans-plasma
membrane electron transport (9) and significantly increases
the ascorbate stabilization in animal cells (35). CoQ also acts
through the plasma membrane redox system to replace pyru-
vate as an essential medium component required for the
growth of mitochondria-deficient p® Namalwa cells (32).

The data presented here show that ascorbate stabilization
was not absent in the CoQg mutant yeast strains and thus
cannot depend exclusively on CoQg. This CoQg-independent
activity is not due to changes in pH or copper uptake, because
FTRUNBI strain lacking the copper transporter (25) shows the
same ascorbate stabilization activity as the wild type strain.
The contribution of CoQg biosynthetic intermediates to the
CoQg-independent ascorbate stabilization can be excluded by
the examination of the coq2 yeast mutant strain. Such mutants
are defective in transferring the polyprenyl group to p-hydroxy-
benzoic acid (the aromatic ring precursor of CoQ) and hence are
incapable of generating any prenylated CoQ biosynthetic inter-
mediates (12). Other phenolic compounds display antioxidant
properties and may be able to reduce peroxidation damage (37,
38). For example, 1,4-benzoquinone is a plasma membrane
redox system component thought to provide a defense against
free radicals produced by the mycelial fungus Phanerochaete
chrysosporium during lignin peroxidase-mediated mineraliza-
tion (39). But the absence of an effect produced by either
1,4-benzoquinone or the antioxidant a-tocopherol tend to argue
against the role of other antioxidants in the ascorbate
stabilization.

It seems more likely that the remaining activity is due to
another plasma membrane electron transport system in which
CoQg is not involved. A possible candidate is the system re-
sponsible for the reduction of ferric iron, a necessary step in
iron assimilation (40, 41). In agreement with previous studies
(4), this system is modulated by the presence or absence of iron
in the culture medium (Fig. 5B). The ascorbate stabilization is
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also modulated by iron in all strains examined (Fig. 5A) in a
manner that is independent of the CoQg content (Table V). The
most pronounced effect was displayed in the cog3 strain, in
which the ascorbate stabilization was abolished when cells
were cultured in iron-supplemented media. In this situation,
the lack of CoQg at the plasma membrane, combined with the
repression of iron reduction, results in the absence of ascorbate
stabilization. The data indicate that ascorbate stabilization
depends on two redox systems at the plasma membrane, one
that is CoQg-dependent and the ferrireductase complex. The
contribution of the ferrireductase complex accounts for the
increase in ascorbate stabilization observed in the cog3 stain
during log phase growth, because iron reduction was also in-
creased during this phase. Thus, the high level of iron reduc-
tion in the cog3 mutant strain accounts for the stabilization of
ascorbate despite the absence of the CoQg-dependent system.

In conclusion, ascorbate stabilization at the plasma mem-
brane of S. cerevisiae is in part dependent on CoQg, whereas
the remaining activity is due to the action of the plasma mem-
brane iron reductase system. Both of these systems cooperate
to maintain a reduced environment, based on ascorbate, at the
apoplast.

Acknowledgment—We are grateful to Rosa Rodriguez for excellent
assistance and patience.

REFERENCES

1. Moradasferreira, P., Costa, V., Piper, P., and Mager, W. (1996) Mol. Microbiol.
19, 651-658
. Krems, B., Charizanis, C., and Entian, K. D. (1995) Curr. Genet. 27, 427—-434
. Lesuisse, E., Casteras-Simon, M., and Labbe, P. (1996) ¢J. Biol. Chem. 271,
13578-13583
4. Dancis, A., Roman, D. G., Anderson, G. J., Hinnebusch, A. G., and Klausner,
R. D. (1992) Proc. Natl. Acad. Sci. U. S. A. 89, 3869-3873
5. Buettner, G. R., and Jurkiewicz, B. A. (1996) in Handbook of Antioxidants
(Cadenas, E., and Packer, L., eds) pp. 91-115, Marcel Dekker, New York
6. Beyer, R. E. (1994) J. Bioenerg. Biomembr. 26, 349-358
7. Santos-Ocana, C., Navas, P., Crane, F. L., and Cérdoba, F. (1995) J. Bioenerg.
Biomembr. 27, 597-603
8. Kalen, A., Norling, B., Appelkvist, E. L., and Dallner, G. (1987) Biochim.
Biophys. Acta 926, 70-78
9. Sun, I. L., Sun, E. E., Crane, F. L., Morre, D. J., Lindgren, A., and Low, H.
(1992) Proc. Natl. Acad. Sci. U. S. A. 89, 11126-11130
10. Navarro, F., Villalba, J. M., Crane, F. L., McKellar, W. C., and Navas, P. (1995)
Biochem. Biophys. Res. Commun. 212, 138-143
11. Villalba, J. M., Navarro, F., Cérdoba, F., Serrano, A., Arroyo, A., Crane, F. L.,
and Navas, P. (1995) Proc. Natl. Acad. Sci. U. S. A. 92, 4887-4891
12. Ashby, M. N., Kutsunai, S. Y., Ackerman, S., Tzagoloff, A., and Edwards, P. A.
(1992) J. Biol. Chem. 267, 4128-4136
13. Clarke, C. F., Williams, W., and Teruya, J. H. (1991) J. Biol. Chem. 266,
16636-16644
14. Marbois, B. N., and Clarke, C. F. (1996) J. Biol. Chem. 271, 2995-3004
15. Poon, W. W., Marbois, B. N., Faul, K. F., and Clarke, C. F. (1995) Arch.
Biochem. Biophys. 320, 305-314
16. Do, T. Q., Schultz, R., and Clarke, C. F. (1996) Proc. Natl. Acad. Sci. U. S. A.
93, 7534-7539
17. Kaiser, C., Michaelis, S., and Mitchell, A. (1994) Methods in Yeast Genetics,
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY
18. Nicholas, D. J. D. (1957) Methods Enzymol. 3, 1035-1041
19. Dancis, A., Klausner, R. D., Hinnebusch, A. G., and Barriocanal, J. G. (1990)
Mol. Cell. Biol. 10, 22942301
20. Ramirez, J. M., Giménez-Gallego, G., and Serrano, R. (1984) Plant Sci. Lett.

w N

34, 103-110

21. Stoschek, C. (1990) in Guide to Protein Purification Methods Enzymol. 182,
50-68

22. Menendez, A., Larsson, C., and Ugalde, U. O. (1995) Anal. Biochem. 230,
308-314

23. Storrie, B., and Madden, E. A. (1990) Methods Enzymol. 182, 203225

24. Asard, H., Caubergs, R., Renders, D., and Greef, J. A. (1987) Plant Sci. 53,
109-119

25. Dancis, A., Yuan, D. S., Haile, D., Askwith, C., Eide, D., Moehle, C., Kaplan, dJ.,
and Klausner, R. D. (1994) Cell 76, 393—402

26. Alcain, F. J., Burén, M. 1., Villalba, J. M., and Navas, P. (1991) Biochim.
Biophys. Acta 1073, 380-385

27. Gonzalez-Reyes, J. A., Alcain, F. J., Caler, J. A., Serrano, A., Cérdoba, F., and
Navas, P. (1994) Plant Sci. 100, 23-29

28. Alcain, F. J., Burén, M. 1., Rodriguez-Aguilera, J. C., Villalba, J. M., and
Navas, P. (1990) Cancer Res. 50, 5887-5891

29. Gonzalez-Quevedo, M., Alcain, F. J., Gonzalez-Reyes, J. A., Burén, M. 1., and
Navas, P. (1991) Cancer J. 4, 262-266

30. Cérdoba-Pedregosa, M. C., Gonzélez-Reyes, J. A., Canadillas, M. S., Navas, P.,
and Cordoba, F. (1996) Plant Physiol. 112, 1119-1125

31. Larm, J. A., Vaillant, F., Linnane, A. W., and Lawen, A. (1994) J. Biol. Chem.
269, 30097-30100



32.
33.
34.
35.

36.

Coenzyme Qg and Ascorbate Stabilization in Yeast

Martinus, R. D., Linnane, A. W., and Nagley, P. (1993) Biochem. Mol. Biol. Int.
31, 997-1005

Goémez-Diaz, C., Villalba, J. M., Pérez-Vicente, R., Crane, F. L., and Navas, P.
(1997) Biochem. Biophys. Res. Commun. 234, 79—-81

Zinser, E., and Daum, G. (1995) Yeast 11, 493-536

Gomez-Diaz, C., Rodriguez-Aguilera, J. C., Barroso, M. P., Villalba, J. M.,
Navarro, F., Crane, F. L., and Navas, P. (1997) J. Bioenerg. Biomembr. 29,
253-259

Crane, F. L., Roberts, H., Linnane, A. W., and Low, H. (1982) J. Bioenerg.
Biomembr. 14, 191-205

37.

38.
39.

40.
41.

42.

8105

Kaneko, K., Kaji, K., and Matsuo, M. (1994) Free Radical Biol. Med. 16,
405-409

Santiago, L. A., and Mori, A. (1993) Arch. Biochem. Biophys. 306, 16—-21

Stahl, J. D., Rasmussen, S. J., and Aust, S. D. (1995) Arch. Biochem. Biophys.
322, 221-227

Lesuisse, E., and Labbe, P. (1989) J. Gen. Microbiol. 135, 257-263

Eide, D., Davis-Kaplan, S., Jordan, 1., Sipe, D. M., and Kaplan, J. (1992)
J. Biol. Chem. 267, 20774-20781

Tzagoloff, A., Wu, M. A, and Crivellone, M. (1986) J. Biol. Chem. 261,
17163-17169



