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Abstract
The objective of this study was to compare in vivo the effects of bicarbonate and phosphate
buffers on surviving and menadione-induced oxidative stress in yeast cells. The latter were treated
with different concentrations of menadione in the presence of these two buffers. If at 25 mM
concentration of buffers menadione only slightly reduced yeast surviving, at 50 mM concentration
cell killing by menadione was much more pronounced in bicarbonate than in phosphate buffer.
Although the content of protein carbonyl groups did not show development of oxidative stress
under menadione-induced stress, inactivation of aconitase and decrease in glutathione level
mirrored its induction. However, cellular glutathione and aconitase activity decrease did not
correlate with yeast survival. In vitro, aconitase was more quickly inactivated in 50 mM carbonate,
than in 50 mM phosphate buffer. The possible involvement of the carbonate radical in these
processes is discussed.
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1. Introduction
Under normal conditions, cells precisely regulate their redox status. Reactive oxygen species
(ROS), namely superoxide anion (O•

2 −), hydrogen peroxide (H2O2), and hydroxyl radical
(•OH), are continuously generated and decomposed. These processes of generation and
degradation are typically well balanced, and usually certain ROS concentrations are
maintained. However, intracellular and extracellular changes may cause an imbalance
between generation and decomposition of ROS, and increasing their steady state
concentrations may result in oxidative stress.1–4

Oxidative stress may be induced by exogenous compounds such as hydrogen peroxide and
superoxide or by compounds such as menadione or paraquate which cause an oxygen-
dependent redox cycling. Reactive oxygen species can modify most cellular constituents and
are believed to cause many degenerative diseases. The budding yeast Saccharomyces
cerevisiae is widely used model for studying cellular response to oxidative stress.5–7
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Previously, we used this in vivo model to extend in vitro findings of McCord and
colleagues, who found a nonlinear effect of superoxide dismutase (SOD) activity on the
lipid peroxidation induced by free radicals.8 We also demonstrated a nonlinear dependency
of protein carbonyl concentrations, a measure of free radical damage to proteins, on SOD
activity in yeast.7,9

Bicarbonate and carbon dioxide form the major physiological buffering system and were
thus employed for many years in physiological and biochemical investigations. Because
work with a bicarbonate buffer is somewhat inconvenient, it is not often employed in
contemporary investigations. However, there are a number of reactions which are dependent
on bicarbonate or carbon dioxide, and many of them are of potential physiological or
pathological significance. For example, carbon dioxide increases the intensity of
peroxidation catalyzed by transition metals10–15 and by Cu,Zn-SOD.16–21 Studies by
Liochev and Fridovich of peroxidation catalyzed by Mn(II) demonstrated a synergism
between carbon dioxide and bicarbonate.15 It has been proposed that this phenomenon might
involve the generation of the carbonate radical as the distal oxidant.11,15,17,18 In contrast,
Stadtman and colleagues established that bicarbonate can be protective.11–14 They showed
that a manganese, bicarbonate, amino acid complex can scavenge hydrogen peroxide
through both catalatic and peroxidatic reactions. The articles cited above and many similar
articles used in vitro systems. It is not known whether similar processes take place in vivo.

These considerations led us to investigate oxidative stress induced in S. cerevisiae by
menadione in carbonate and phosphate buffers. We found that menadione reduced yeast
survival in 50 mM bicarbonate, but not in phosphate buffer.

2. Materials and methods
Chemicals and growth conditions

Guanidine-HCl was obtained from Fluka (Germany). All other chemicals, yeast extract, and
peptone were obtained from Sigma-Aldrich Chemicals Company.

The yeast Saccharomyces cerevisiae of the YPH250 strain (MATa trp1-Δ1, his3-Δ200,
lys2-801, leu2-Δ1, ade2-101, ura3-52) was kindly provided by Professor Yoshiharu Inoue
(Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto, Japan). Cells
were grown to stationary phase (72 h) at 28°C in an orbital shaker (175 rpm) in a liquid
YPD medium (1% w/v yeast extract, 2% w/v bacto-peptone, and 2% w/v glucose). Cells
prepared from an overnight culture grown in YPD medium were used for all experiments.
Cultures were inoculated with ~0.3 × 106 cells/ml.

Bicarbonate buffer was prepared from NaHCO3. The salt was dissolved in bi-distilled,
degassed water, and the pH was adjusted to 7.50. Yeast cells were resuspended in
bicarbonate buffer and treated with menadione. During the incubation, the pH of the yeast
suspension remained at 7.50 in phosphate buffer and decreased slightly to 7.46 in
bicarbonate buffer. Cell survival was determined by counting the number of colony forming
units. Cell suspensions treated with menadione for 1 h were diluted in sterile distilled water;
75 μl of the resulting suspensions were plated onto YPD-agar in Petri dishes (10-cm
diameter).

Preparation of cell extracts and assay of enzyme activity
Extracts were prepared by vortexing yeast cells with glass beads (0.5 mm), as described
previously.7 They were kept on ice for immediate use. The activities of glutathione
reductase, aconitase and catalase were measured as described.7,9 Hydrogen peroxide
consumption by catalase was measured at 240 nm using an extinction coefficient for
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hydrogen peroxide of 39.4 M−1cm−1. The reaction was started by addition of cell-free
extracts. One unit of catalase activity decomposes 1 μmol of hydrogen peroxide per minute.
All enzyme activities were measured at 25°C and expressed per mg soluble protein in the
supernatant. Native electrophoresis was performed, and SOD activity was assayed using
N,N,N',N'-tetramethylethylenediamine-riboflavin treatment immediately after staining with
nitroblue tetrasodium.22 Gels were scanned at 430 nm with a Specord M40 gel scanner.

Measurement of protein carbonyls and total glutathione
The content of carbonyl groups in proteins was measured by determining the amount of 2,4-
dinitrophenylhydrazone formed upon reaction with 2,4-dinitrophenylhydrazine.7,9 Carbonyl
content was calculated from the absorbance maximum of 2,4-dinitrophenylhydrazone,
measured at 370 nm using an extinction coefficient of 22 mM−1cm−1.23 The results are
expressed as nmol carbonyl per mg protein. The level of total glutathione was measured as
described.24 Yeast cells were resuspended in 1.3% dinitrosalicilic acid and disrupted by
vortexing with glass beads (0.5 mm) for three cycles (1 min of disruption and 3 min of
cooling on ice).

Determination of protein concentrations and statistical analysis
Protein concentrations were determined using the Coomassie brilliant blue G-250 dye-
binding method25 with bovine serum albumin as the standard. Experimental data are
expressed as the mean ± SEM. Statistical testing was performed using ANOVA followed by
Dunnett’s test for multiple comparisons.26

3. Results
Killing by menadione is biphasic

Treatment of yeast with menadione for 60 min with 25 mM phosphate and bicarbonate
buffers (data not shown) or 50 mM phosphate buffer only slightly reduced yeast survival
(Fig. 1). However, in 50 mM bicarbonate the loss of viability was substantial and biphasic
(Fig. 1). Low concentrations of menadione were much more lethal in 50 mM bicarbonate
buffer than in 50 mM phosphate one. At higher concentrations of menadione, the slope of
concentration dependent killing was similar to that in the other three buffers.

Protein carbonyl and glutathione
Protein carbonylation is a widely used marker of oxidative stress and oxidative damage.
Even in the absence of menadione, the protein carbonyl content varied with buffer
conditions (Table 1). Protein carbonyl concentration was highest in 25 mM phosphate
buffer, and this was the only buffer used in which menadione caused a significant change in
protein carbonyl concentrations. The level actually decreased for 43%, most likely due to
further oxidation of the carbonyl moieties to carboxylic acids, which are not detected in the
protein carbonyl assay.

The basal level of total glutathione in all four buffers was similar, and it decreased
substantially in the presence of menadione (Fig. 2). However, the decrease in 50 mM
phosphate buffer was modest compared to the other three buffer conditions. Comparison of
Figs. 1 and 2 shows, that glutathione content does not correlate with yeast survival.

Enzyme activities
Aconitase, which has a cubic [4Fe-4S] center, may be reversibly inactivated by superoxide
and can serve as a marker of oxidative stress.27–30 With intact yeast cells, menadione
inactivated aconitase in a concentration-dependent manner with a slightly greater effect in
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bicarbonate buffer compared to phosphate (Fig. 3). Cell-free extracts also supported a
menadione-dependent inactivation of aconitase and allowed measurement of the actual
initial rate of the inactivation reaction. The enzyme was inactivated faster in 50 mM
bicarbonate buffer, than in 50 mM phosphate buffer (Fig. 4).

The activity of catalase was essentially unchanged except for a modest reduction (~28%) in
50 mM phosphate buffer (Table 2), which may reflect a protective role of bicarbonate, as
observed by Stadtman and colleagues in vitro.11,12

The activity of glutathione reductase was approximately 2-fold higher following incubation
in 25 mM buffer (phosphate and bicarbonate) than after incubation in 50 mM buffer (data
not shown). Menadione treatment in 25 mM buffer did not affect glutathione reductase
activity (data not shown), while treatment with 100 mM menadione in 50 mM phosphate
buffer and 50 mM bicarbonate buffer increased the activity by 61% and 71%, respectively
(Fig. 5).

Menadione seems interfered with traditional for our laboratory quercetin method for
evaluating the activity of superoxide dismutase.7,9 Therefore, we performed a semi-
quantitative assay using native gel electrophoresis and an in-gel activity assay. These studies
showed that menadione increased SOD activity in both buffers (data not shown). The
increase in activities of both, SOD and glutathione reductase, by yeast treatment with
menadione confirms previous findings.5,31

4. Discussion
In mammalian tissues bicarbonates present at relatively high concentrations –approximately
25 mM32. They were suggested to interact with free radicals yielding other radicals, such as
carbonate radical anion.33 The products of similar reaction(s) could increase the
susceptibility of S. cerevisiae to menadione (Fig. 1). Similar results were previously reported
for several bacteria, including E. coli.34 Addition of hydroxyl radical scavengers eliminated
the increased killing in bicarbonate buffer, which was attributed to carbonate radical
generated in the external medium. Hurst et al. extended their previous work34 to yeast and
found that sodium bicarbonate increased the sensitivities of both E. coli and S. cerevisiae to
γ–irradiation.35 However, the reactivity of the carbonate radical anion is much less than that
of the hydroxyl radical. Hurst et al. proposed that the greater toxicity of the carbonate radical
anion compared to the hydroxyl radical is a consequence of the greater stability of the
carbonate radical anion, allowing greater oxidation of cellular molecules.35 It was also
suggested that carbonate radical might be more specific that hydroxyl one, but the issue
needs further investigation.

The exponential loss of viability described here and elsewhere35 suggested that
microorganisms were killed by reactants randomly reaching vulnerable targets, presumably
after depletion of cellular antioxidants. Thus, there must be at least two pathways for
generating species which can kill yeast or there are two distinct targets, both of which must
be hit to kill the cell. However, when we compared the loss of cellular glutathione with cell
survival we did not find a correlation. Glutathione concentrations were decreased in all
experiments, regardless of survival. Thus, while glutathione may be involved in protecting
cellular macromolecules during oxidative stress, but it is not a key determinant of survival.

The activity of aconitase was another measure we used to identify the reason for yeast
killing in carbonate buffer under our experimental conditions. Again, like in the case with
glutathione, we disclosed that aconitase was inactivated in all experiments, but in carbonate
the process was more pronounced (Fig. 3). The very small difference was also found
between 25 and 50 mM carbonate buffers; in the second case inactivation looked stronger.
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The in vivo experiments were confirmed in vitro, where the enzyme was stronger
inactivated in bicarbonate, than in phosphate buffer. There are several mechanisms of
aconitase inactivation27, and at least two of known involve oxidative steps. The first and
commonly discussed way includes oxidation of Fe2+ localizing in cubic [4Fe-4S] cluster and
following iron ion abstraction prolonged or strong stress results in irreversible inactivation
and ATP-dependent degradation of the enzyme.36 Under certain conditions upon resolution
of the oxidative stress, oxidatively inhibited aconitase can be reactivated. Therefore, it is not
clear, if aconitase is capable to participate in redox regulation and/or it is a potential target
for oxidative damage. In addition, there is the second oxidative way for aconitase
inactivation. L. Szweda and colleagues found that during heart ischemia/reperfusion
aconitase is reversibly inactivated and the disclosed mechanism involved reversible
oxidation of cysteine residue.36 Theoretically, cysteine residues may be oxidized to sulfenic,
sulfinic and sulfonic acids and may form disulfide and mixed disulfide bounds at these
modifications, but only oxidation of sulfenic acid and disulfide bonds may be reversed.37 In
vitro treatment of oxidized mitochondrial aconitase from myocardial tissue by ditiothrietol
resulted in full recovery of the activity.27 It can be concluded that in our case although yeast
aconitase is inactivated in both in vivo and in vitro and this inactivation is better pronounced
in carbonate than in phosphate buffer that probably, cannot be the only reason for difference
between experiments in two buffers.

There were positive correlations between the activity of aconitase and the concentration of
glutathione for all four experimental sets (R2=0.81–0.99). These correlative data suggest that
under our experimental conditions glutathione could be important for protecting enzymes
containing [4Fe-4S] clusters and/or cysteine.

The activation of SOD and GR at yeast treatment by menadione confirms the previous
works.5,31 However, we have not found any activation of catalase under these conditions
and this may reflect the strain specificity or particular conditions of stress induction. The
reduction of catalase activity could be connected with the inactivation of the enzymes by
superoxide anion and the listed issues were recently analyzed in one of our works.38

Although both glutathione reductase and catalase are known to be sensitive to inactivation
by free radicals,7,9 this did not occur when yeast cells were incubated with menadione in 25
mM buffers. Both were virtually unaffected by incubation with menadione under the
conditions used (Table 2 and Fig. 5). However, when the buffer concentration was 50 mM,
treatment with 100 mM menadione increased glutathione reductase activity, while catalase
activity was decreased in phosphate buffer. This observation again suggests that bicarbonate
may have protective effects, as it was proposed by Stadtman and colleagues in their in vitro
works.11–14 However, the issue needs further investigation.

Overall, the toxicity of menadione (2-methyl-1,4-naphthoquinone: vitamin K3) as other
quinones, in biological systems is related with their possibility to undergo one-electron
reduction by such enzymes as microsomal NADPH-cytochrome P-450 reductase or
mitochondrial NADH ubiquinone oxidoreductase, yielding the corresponding semiquinone
radicals. These radicals under aerobic conditions participate in redox cycling to generate
ROS. Other mechanism is related with their electrophile properties being capable to react
with thiol groups of proteins and glutathione. In fact, the generation of conjugates with
glutathione catalyzed by glutathione tranferase (GST) with depletion of glutathione has been
associated with menadione-induced cytotoxicity and oxidative stress.39 These two
mechanisms were found to be responsible for the production of conjugates of glutathione
and menadione, catalyzed by GST, and could be responsible for yeast cell killing. However,
yeasts used were grown to mid log phase culture, while we used the stationary one.
Therefore, the comparison of results of both groups is not very correct. If menadione
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toxicity is really related with GST operation, at least two aspects may be important in order
to demonstrate biphasic concentration-dependent killing: depletion of glutathione and
inactivation of GST by ROS.40 Although we found the decrease in glutathione content, it did
not correlate with cell killing. The possible involvement of GST is another possibility
tested39 and was found to be, at least partially, responsible for yeast cell killing. One may
suggest that at least two mentioned mechanisms could be responsible, and received results in
fact reflect the complex superposition of those possibilities, along with other ones.

In summary, our data show that the incubation of yeast cells with menadione in 50 mM
carbonate buffer renders them more susceptible to oxidative stress than at treatment in
phosphate buffer of the same concentration. Although the development of oxidative stress
was evident, it differed in two buffers. However, the markers of oxidative stress which we
measured did not correlate well with yeast susceptibility to menadione, indicating that other
mechanisms might be also primarily responsible for the processes culminating in cell death.
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Fig. 1.
Survival of yeast cells treated with menadione (5–100 mM) in 50 mM phosphate or
bicarbonate buffers, presented in half-logarithmical coordinates. Data shown are the mean ±
SEM (n = 4). *Significantly different from untreated (control) cells, P<0.05. The Y-axis is
logarithmic, allowing visualization of the first-order process.
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Fig. 2.
Levels of total glutathione in yeast cells treated with menadione (5–100 mM) in 25 mM (A)
or 50 mM (B) phosphate or bicarbonate buffers. Data shown are the mean ± SEM (n = 4).
*Significantly different from untreated cells, P<0.05.
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Fig. 3.
Activity of aconitase in yeast cells treated with menadione (5–100 mM) in 25 mM (A) or 50
mM (B) phosphate or bicarbonate buffers. Data shown are the mean ± SEM (n = 4).
*Significantly different from untreated (control) cells, P<0.05.
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Fig. 4.
In vitro inactivation of aconitase by menadione (0.5–5 mM) in 50 mM phosphate (A) and
bicarbonate (B) buffers. Activity was determined at 0, 2.5, 20, 40, and 60 min incubation.
The data shown are the mean ± SEM (n = 3). The Y-axis is logarithmic, allowing
visualization of the first-order process. The 2.5 min point gives the initial inactivation rate.
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Fig. 5.
Activity of glutathione reductase in yeast cells treated with menadione (5–100 mM) in 25
mM (A) or 50 mM (B) phosphate or bicarbonate buffers. Data shown are the mean ± SEM
(n = 4). *Significantly different from untreated (control) cells, P<0.05.
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