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Redox mediators can interact with eukaryote cells at a number of different cell locations. While cell
membrane redox centres are easily accessible, the redox centres of catabolism are situated within the
cytoplasm and mitochondria and can be difficult to access. We have systematically investigated the
interaction of thirteen commonly used lipophilic and hydrophilic mediators with the yeast Saccharomyces
cerevisiae. A double mediator system is used in which ferricyanide is the final electron acceptor (the reporter
mediator). After incubation of cells with mediators, steady state voltammetry of the ferri/ferrocyanide redox
couple allows quantitation of the amount of mediator reduced by the cells. The plateau current at 425 mV vs
Ag/AgCl gives the analytical signal. The results show that five of the mediators interact with at least three
different trans Plasma Membrane Electron Transport systems (tPMETs), and that four mediators cross the
plasma membrane to interact with cytoplasmic and mitochondrial redox molecules. Four of the mediators
inhibit electron transfer from S. cerevisiae. Catabolic inhibitors were used to locate the cellular source of
electrons for three of the mediators.

R
edox mediators are used in fundamental studies of cell redox activity, for example, probing metabolic
pathways and in applications such as cell biosensors and microbial fuel cells. Hydrophilic or lipophilic
mediators can be used to access the major catabolic redox molecules of prokaryote cells because the redox

centres are located in the cell membrane and are accessible extracellularly. In contrast, eukaryote cells have most
of the catabolic redox sites located in the cytoplasm and mitochondria; these can only be accessed using a
lipophilic mediator that can cross the cell membrane. Like all cells, however, eukaryotes have trans Plasma
Membrane Electron Transport (tPMET) systems (also known as the plasma membrane oxido-reductase
(PMOR) systems), which are accessible from the periplasm and can interact with hydrophilic mediators.

Electrochemical mediators can accept electrons from a eukaryote cell via a number of pathways. A hydrophilic
mediator cannot cross the cell membrane and is restricted to interacting with tPMETs from the periplasm
(Figure 1, pathway 1). An example is ferricyanide ([Fe(CN)6]32), which is reduced to ferrocyanide
([Fe(CN)6]42) by a ferri-reductase tPMET system that is embedded in the plasma membrane of
Saccharomyces cerevisiae1 and Merker et al. have shown that the reduction of toluidine blue O polyacrylamide
(TBOP), a hydrophilic mediator, parallels the oxidation of cytoplasmic NADH2. A double mediator system
(Figure 1, pathway 2) comprising lipophilic and hydrophilic mediators enables intracellular redox systems to
be accessed. Lipophilic mediators can cross the cell membrane and interact with intracellular redox centres,
become reduced and diffuse or are transported out of the cell to transfer electrons to a hydrophilic reporter
mediator. In practice, lipophilic mediators usually cannot be used as the sole mediator because low aqueous
solubility limits the mediator concentration and hence the magnitude of the signal. Additionally, often their
limited stability in one redox state limits the techniques that can be used to probe the system. Double mediator
systems using lipophilic menadione (MD) or 2,3,5,6-tetramethylphenylenediamine (2,3,5,6-TMPD), in conjunc-
tion with [Fe(CN)6]32 have been used to investigate Chinese hamster ovary cells (CHO)3 and S. cerevisiae3–5. The
large signals observed in these studies could only have originated from intracellular redox molecules including
those in the mitochondria. There are two other mechanisms by which a lipophilic mediator could transfer
electrons to a reporter mediator. In the first, the reduced lipophilic mediator interacts with intracellular
tPMET sites, which then passes the electron across the membrane to reduce the reporter mediator (Figure 1,
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pathway 3). This will only occur if the potential of the mediator is
lower than the internal site of the tPMET. In the second mech-
anism (Figure 1, pathway 4), the mediator is reduced extracellu-
larly by a tPMET system that then transfers its electrons to the
reporter mediator6. Note: the signal size from pathway 4 will be
very small relative to signals from pathway 2 because pathway 4 is
only accessing tPMETs whereas in pathway 2, the mediator
accesses intracellular redox molecules. It is likely that more than
one of these pathways is operating simultaneously in any double
mediator system investigation.

The aim of this investigation is to understand the interaction of S.
cerevisiae with thirteen mediators that are commonly used to probe
bacterial cell redox behaviour7. Although structurally different, yeast
have essentially the same redox processes as bacteria and providing
the mediators can access the redox site, it could be expected that the
mediators would behave as they do with bacterial redox sites.
Hydrophilic ferricyanide ([Fe(CN)6]32) is used to report the inter-
actions of the mediators with cell redox sites because it has stable
Fe(II) and Fe(III) redox states, has well-behaved electrochemistry
and has a formal electrode potential that is high enough to oxidise
the reduced forms of all of the trial mediators. [Fe(CN)6]32 is known
not to cross the cell membrane, that is, it remains extracellular and is
only reduced to a small extent by tPMET sites4 and possibly by
electrons transported across the cell wall8. Furthermore, previous
double mediator studies using [Fe(CN)6]32 with MD and 2,3,5,6-
TMPD3–5 suggest that there are no kinetic limitations on electron
transfer between [Fe(CN)6]32 and the lipophilic mediator, even
though these mediators undergo two electron, proton-coupled trans-
fers. It is possible to further investigate both the function of catabolic
pathways and the interaction sites of mediators by using mediators in

conjunction with agents that block pathways at specific sites3,9. In this
study, two inhibitors, dicumarol and 6-aminonicotinamide (6-AN)
are used. They were selected because each is known to target different
sections of the cell redox systems and also were expected to be useful
in further elucidating the interaction of mediators with intracellular
and tPMET redox sites.

This study has quantified the relative efficiency of electron capture
by each mediator, provided insight into the site of electron capture
and for some mediators revealed an inhibitory effect.

Results and Discussion
Electrochemical detection of catabolism using steady-state voltam-
metry. Steady-state voltammetry is a convenient method for deter-
mining the amounts of oxidised and reduced forms of an electroactive
species in solution. The position of the voltammogram on the current
axis gives an immediate indication of the proportions of each
oxidation state, and the anodic and cathodic plateau currents allow
quantitation of each redox form. The linear sweep voltam-
mogram (LSV) of [Fe(CN)6]32 (Figure 2 scan A) shows only
cathodic current, which arises from the reduction of [Fe(CN)6]32 to
[Fe(CN)6]42. The absence of anodic current indicates, as expected,
that there is no [Fe(CN)6]42 in the bulk solution. When [Fe(CN)6]32

was incubated with cells, a relatively small proportion of the
[Fe(CN)6]32 was reduced to [Fe(CN)6]42 as evidenced by the small
anodic current at potentials positive of 0.3 V (Fig. 2 scan B).
[Fe(CN)6]32 is hydrophilic and can only interact with redox sites
that are embedded in the cell membrane and exposed to the
periplasm. These tPMETs only transfer a small proportion of cellu-
lar electrons to the periplasm resulting in the relatively small signal.
After incubation for 1 h with cells, glucose, [Fe(CN)6]32 and the

Figure 1 | Diagrammatic representation of the possible mechanisms by which a hydrophilic reporter mediator ([Fe(CN)6]32) and a secondary
mediator can interact with eukaryote cells and with each other. 5 tPMET proteins.
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lipophilic mediator, MD, the voltammogram (Fig. 2 scan C) has
shifted up the current axis and there is mainly anodic current
which arises from the oxidation of [Fe(CN)6]42 and a small
cathodic current which arises from reduction of unreacted
[Fe(CN)6]32. The large amount of reduced mediator is attributed to
the lipophilicity of MD which allows it to cross the cell mem-
brane, enter the cell and accept electrons from a large number of
redox molecules3. MD, in the reduced form, returns to the extra-
cellular environment and transfers its electrons to [Fe(CN)6]32

generating [Fe(CN)6]42, which is oxidised at the electrode.
The steady-state anodic plateau current measured at E 5 425 mV

was used as a relative measure of the amount of [Fe(CN)6]42 pro-
duced, and hence the sum of yeast catabolism. Although the current
at E 5 425 mV can be measured without recording the full voltam-
mogram, the full voltammogram provides a check of the reliability of
the measurement, because any problems such as reduced sensitivity
due to electrode fouling are easily detected. At the concentrations
used in this work, none of the secondary mediators gave electro-
chemical responses that interfered with that of [Fe(CN)6]32.

Assays with secondary mediators. The interactions of the thirteen
trial or ‘secondary’ mediators with cells were quantified by per-
forming double mediator experiments with [Fe(CN)6]32 as the
reporter mediator. Cells, trial mediator and reporter mediator were
incubated for 1 h as described above. Incubations without cells i.e.
acellular controls were also performed for each double mediator
combination. At the end of incubation, solution pH was measured,
cells, if present, were removed by centrifugation and the supernatants
were analysed using steady-state LSV. The voltammograms pro-
duced were similar to those shown in Figure 2. The steady state
anodic currents were measured at 425 mV, giving the relative
amounts of [Fe(CN)6]32 converted to [Fe(CN)6]42 in each experi-
ment. Figure 3 shows the mean steady state anodic currents for the
thirteen secondary mediators and the controls. The currents were
blank-corrected by subtracting the mean steady state anodic currents
of the acellular trials. For the single mediator system i.e. [Fe(CN)6]32

only, the anodic currents for [Fe(CN)6]42 with and without cells are
the mean of eleven replicates (33 measurements). An ANOVA shows
that there is a significant difference between the with-cells and
without-cells trials (p , 0.00001). In the double mediator systems,
the amount of [Fe(CN)6]32 converted to [Fe(CN)6]42 varies widely.

Table 1 lists the redox potentials (versus SHE) of the mediators, the
mean steady-state anodic currents at 425 mV, and the octanol par-
tition coefficient (log P) of each secondary mediator, (for N,N,N9N9-
TMPD, the hexane partition coefficient is given)10. Also tabulated is
the number of electrons transferred in redox reactions of the med-
iators at pH 7.

Cells were cultivated with glucose at a concentration that will
induce catabolite repression, i.e. mitochondrial RNA synthesis will
be repressed and the cell will use the fermentation pathway to gen-
erate ATP. Repression can be reversed and respiration resumed if the
repressing substrate is removed and a non-repressing substrate such
as glycerol or ethanol is provided11. In these trials respiration can
only occur if the mitochondria can be de-repressed by the mediator.
Zhao et al. showed that menadione can restore respiration to glucose-
repressed S. cerevisiae in anaerobic conditions5 and De Santis et al.
have shown that 2,3,5,6,-TMPD, and N,N,N9N9-TMPD can restore
respiration to a ubiquinone-deficient nuclear mutant of S. cerevisiae
by enabling electron transport12. It has also been shown that respira-
tion could be restored in the rat liver mitochondrial electron trans-
port chain that was blocked by rotenone by adding menadione. It was
proposed that menadione was able to bypass the rotenone block at
the complex I/ubiquinone interface and feed electrons back into the
respiratory chain to allow the synthesis of ATP13. In addition Fain has
shown that both menadione and vitamin K5 increased respiration,
glucose oxidation, lactate accumulation, and fatty acid synthesis14.

The results of the double mediator experiments (Figure 3) place
the mediators in three groups. In the first group, anodic steady state
currents higher than the [Fe(CN)6]32 cell control were obtained for
safranine, benzoquinone, gallocyanine, DCIP, MD, methyl red,
2,3,5,6-TMPD and N,N,N9,N9-TMPD, indicating that all these mole-
cules have access to redox sites that [Fe(CN)6]32 cannot access. The
second group, 1-M-PMS and resorufin, have signals the same size as
the [Fe(CN)6]32 cell control, and the third group of neutral red,
phenazine ethosulphate and toluidine blue, have signals lower than
the [Fe(CN)6]32 cell control.

Considering the latter group first, it is likely that these molecules
are inhibitory to the cells possibly causing metabolic disruption or
loss of cell membrane integrity. Neutral red is known to cross the cell
membrane, for example it is used to distinguish viable yeast cells
from dead cells15. In higher organisms neutral red is sequestered by
the lysosomes16, which is an analogue of the yeast vacuole17, and thus
probably could not be involved in electron transfer. Phenazine etho-
sulphate toxicity may be due to the high yield of the pyri-
dine nucleotide radical, 5-hydroxy-5,5-dimethylpyrrolidino-1-oxyl
(DMPO-OH), which is formed largely from the interaction of phe-
nazine ethosulphate and NADH which results in a decrease in the
NAD1/NADH pool18. This result is, however, different from the
findings of Pasco et al.19 who report that phenazine ethosulphate
increased [Fe(CN)6]32 reduction in a bacterium. In the case of tolui-
dine blue, Ito reported that the yeast cell wall prevents the molecule
accessing the cytoplasmic membrane of the cell, however he also
noted that toluidine blue can be photoactivated to become toxic to
cells20.

The conversion of [Fe(CN)6]32 to [Fe(CN)6]42 in the presence of
1-M-PMS and resorufin is not significantly different from the
[Fe(CN)6]32 cellular control. Tan et al.6 suggest that 1-M-PMS inter-
acts with the same tPMET sites as [Fe(CN)6]32. Our result supports
this proposal because, if 1-M-PMS (and resorufin) competes with
[Fe(CN)6]32 for the same tPMET electrons, [Fe(CN)6]32 will oxidise
any reduced 1-M-PMS or resorufin resulting in a signal that is of the
same magnitude as the [Fe(CN)6]32 control signal. Figure 4A shows
that there is not a strong correlation between signal size and log P.
For example log P of MD is less than that of methyl red, yet the MD
current is almost 9 times larger than the methyl red current.
Considering the benzoquinone, safranine, gallocyanine and methyl
red group, methyl red is an azo dye and Ramalho et al. have shown

Figure 2 | Typical linear sweep voltammograms obtained for solutions of

20 mM [Fe(CN)6]32 in the absence (A) and presence (B) of S. cerevisiae.

Scan (C) was obtained from a solution containing cells, [Fe(CN)6]32

(20 mM) and MD (100 mM). Standard incubation conditions were used.

www.nature.com/scientificreports
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that the ferri-reductase tPMET system of S. cerevisiae is involved in
the extracellular reduction of azo dyes. The study found that deletion
of the FRE 1 gene encoding the tPMET protein does not completely
remove azo activity and hence the reduction is probably not totally
dependent on tPMETs21. Jahdav et al.22 also report that reduction of
methyl red remains extracellular in S. cerevisiae. There is one report
on the use of safranine as a tool for investigating variations in mem-
brane potential by fluorescence microscopy however in that study,
the cells were first permeabilised with digitonin23. We have not found
relevant information on the redox interaction of benzoquinone and
gallocyanine with eukaryote cells. Nevertheless, the currents for these
mediators are significantly greater than for [Fe(CN)6]32 alone, indi-
cating that they probably interact with tPMET sites not accessible to
[Fe(CN)6]32, 1-M-PMS and resofurin. For methyl red, benzoqui-
none, gallocyanine and safranine, the anodic current increases as

the formal potential increases (Table 1). Figure 5A shows a plot of
the log of the mean steady-state current versus the potential of these
(and other) mediators. A linear relationship between these para-
meters is expected if the rate of reduction of the secondary mediator
is controlled by the difference in potential between the formal poten-
tials of the mediator and the cellular redox site(s), that is, the ther-
modynamic driving force. A R2 value of 0.895 is obtained for a linear
fit to the data for methyl red, benzoquinone, gallocyanine and safra-
nine, however with the removal of the benzoquinone datum point,
the R2 value becomes 0.985 (Figure 5A, inset). This analysis is con-
sistent with interaction of gallocyanine, methyl red and safranine
with the same tPMET site or with different tPMET sites with the
same redox potential, whereas benzoquinone interacts with a tPMET
site that has a different redox potential. Considering the data in a
different way and assuming that electron transfer from cellular redox

Figure 3 | Plot of mean steady state currents measured from linear sweep voltammograms at 425 mV vs Ag/AgCl obtained for solutions of 20 mM
[Fe(CN)6]32 and 100 mM secondary mediator, using standard incubation and assay conditions. Each current has been corrected with the acellular

control values; error bars represent 61SE (n 5 9 except for [Fe(CN)6]32 1 cells and [Fe(CN)6]32 controls, n 5 33).

Table 1 | Standard redox potential of mediators (Eo) versus SHE7 and the mean magnitude of the steady state oxidation current (iss)
obtained from LSVs at 425 mV vs Ag/AgCl of double mediator solutions incubated with cells. Log P values for NR SFN, GC, MD, DCIP,
BQ, MR are for octanol/water. The log P value for N,N,N9,N9-TMPD is for hexane/water. ‘Log P values were calculated using
ChemDraw (http://www.cambridgesoft.com)

Mediator E0 (V) Mean iss/nA 6 1SE. Log P Electrons transfered

NR 20.325 2.8 6 0.9 20.95 [41] 1e2

SFN 20.289 12.2 6 1.9 0.4 [42] 2e2

TB 20.027 1.9 6 0.4 20.9 [42] 2e2

GC 0.03 18.6 6 1.6 1.56 [43] 2e2

MD 0.03 318 6 5 1.58 [44] 2e2

PES 0.055, 1.5 6 1.5 3.06‘ 2e2

RES 0.065 5.2 6 0.9 1.77‘ 2e2

1-M-PMS 0.08 6.1 6 2.0 2.9‘ 2e2

DCIP 0.217 64.9 6 2.6 3.12 [47] 2e2

N,N,N9,N9-TMPD 0.25 124 6 5 5.6 [10] 1e2 *
2,3,5,6-TMPD 0.257 350 6 15 2.37‘ 2e2

BQ 0.28 22.0 6 2.3 0.18 [45] 2e2

MR 0.37 35.4 6 3.6 1.67 [46] 2e2

[Fe(CN)6]32 0.46 7.5 6 0.3 20.26‘ 1e2

*N,N,N9,N9-TMPD is a 2 electron transfer process but in this application it acts as a 1 electron transfer reduction because the second reduction step is irreversible[18].
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sites to the secondary mediator is fast and not rate-limited, the mean
current should depend on the number of tPMET sites, which are
thermodynamically able to reduce the mediator. Figure 5B shows a
plot of mean current generated versus formal potential of the med-
iators. This plot suggests that methyl red, benzoquinone, gallocya-
nine and safranine may interact with additional tPMET sites to that
accessible to FeIII, 1-M-PMS and resofurin. Methyl red accepts elec-
trons from three additional tPMET sites, benzoquinone and gallo-
cyanine from two and safranine from one. Both of the analyses
outlined above support the notion that these mediators are interact-
ing externally with at least two tPMET sites additional to that access-
ible to FeIII, 1-M-PMS and resofurin (Figure 1, pathway 4). We
tentatively propose that the resofurin, PMS and [Fe(CN)6]32 signals
are not related to their redox potentials because these mediators may
be interacting with non-voltage gated tPMETs, whereas the other
mediators are interacting with voltage gated tPMETs.

2,3,5,6-TMPD, N,N,N9,N9-TMPD, MD and DCIP are known to
cross the cell membrane and interact with cell redox sites4,5,11,24,25.
Figure 4B shows that log P (lipophilicity) and standard redox poten-
tial are not correlated with the signal size, for example MD is less
lipophilic than DCIP and N,N,N9,N9-TMPD but generates a signifi-
cantly larger signal. Similarly the data in Table 1 show that the signal
size is not directly related to the redox potential of the mediator.
Signal size also does not appear to be related to methods of transport
of the mediator into and out of the cell, e.g. MD and 2,3,5,6-TMPD
give signals of very similar sizes but their modes of transport are
different. MD and its oxidation product menadiol are neutral and
can diffuse across the cell membrane25 while the redox active mena-
dione conjugate, menadione-S-glutathione (thiodine), is actively
transported out of the cell25,26. 2,3,5,6-TMPD on the other hand, is
a charged molecule and must be actively transported into the cell.
2,3,5,6-TMPD voltammetry shows a reversible 2 electron exchange
and it is expected to function as a two-electron mediator27. The signal
from N,N,N9,N9-TMPD is however, less than half the size of that
from 2,3,5,6-TMPD, which may be in part because it acts as a one-
electron transfer mediator28.

The pH of the incubation medium at the end of incubation varied
(Table 1), with the mediators that gave the largest signals (2,3,5,6-
TMPD, N,N,N9,N9-TMPD and MD) resulting in a significant pH
decrease. This may simply reflect the level of cell activity, for example
organic acid production, or the production of CO2 from the Kreb

Figure 4 | Plot of mean steady state currents (iss) obtained from linear sweep voltammograms at 425 mV vs Ag/AgCl versus concentration partition
coefficients (log P) for BQ, SFN, GC, MD, DCIP, MR, and N,N,N9,N9-TMPD.

Figure 5 | (A) Plots of the log of the mean steady state currents at 425 mV

vs Ag/AgCl versus the formal redox potential of each mediator. Inset graph

shows the linearity of the relationship between SFN, GC and MR when BQ

is removed from the plot. (B) Plot of the mean steady state currents at

425 mV vs Ag/AgCl against the formal redox potential versus SHE of the

secondary mediators. Data obtained from Figure 3.
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cycle. The expulsion of protons from the cell during active transport
could also contribute to the decrease in pH. While this could be the
case for both TMPD derivatives, MD, as noted above, is reported to
passively diffuse into the cell25, that is, without the expulsion of pro-
tons. pH affects the E1/2 of redox molecules that transfer electrons
and protons i.e. pH dependent mediators. Intracellular pH is con-
trolled at pH 7.2 in the presence of glucose and remains relatively
constant when the external pH is in the range of 3–7.529. The extra-
cellular pH did not decrease below pH 3.3 in any of the trials and
hence the intracellular mediator interactions would occur at ,pH
7.2. Considering the effect of pH on the reaction between
[Fe(CN)6]32 and secondary mediators outside the cell, the decrease
in pH seen during the incubation period makes the electron transfer
between reduced pH-dependent secondary mediators (MD,
N,N,N9,N9-TMPD and 2,3,5,6- TMPD) and [Fe(CN)6]32 thermody-
namically less favourable than at pH 7. However, the size of these
signals, make any thermodynamic restriction irrelevant in the con-
text of these experiments.

We conclude that the differences in signal sizes for those media-
tors that act intracellularly with S. cerevisiae are primarily deter-
mined by their ability to interact with internal redox sites. Other
workers have drawn similar conclusions. For example, Zhao et al.5

showed that in anaerobic trials with S. cerevisiae using a double
mediator system, signals from N,N,N9,N9-TMPD were about one
fifth of the size of signals obtained with MD. Analysis of the growth
media showed that ethanol production with MD was only 14% of the
theoretical possible while it was 73% with N,N,N9,N9-TMPD. They
proposed that MD acts as a terminal electron acceptor in the electron
transport chain so that respiration proceeds in anaerobic conditions,
resulting in a larger electrochemical signal and lower ethanol pro-
duction whereas N,N,N9,N9-TMPD predominately interacts with
fermentation resulting in higher ethanol production and a smaller
signal.

However redox potential, lipohilicity and mode of transport of the
mediator are likely to have some influence. A similar conclusion was
reached by Lui et al.25, who concluded that in general the main factors
limiting the overall charge transfer rate in scanning electrochemical
microscope (SECM) experiments with mammalian cells can be either
membrane transport, the availability of intracellular redox agents, or
the driving force for the redox reaction. Although Tatsumi et al.
found that the rate-limiting step in the catabolism of a substrate
was diffusion in the external medium, the extracellular medium in
our experiments was stirred by nitrogen sparging thus removing the
rate limitation imposed by diffusion of mediators30.

Double mediator experiments in the presence of cellular inhibi-
tors. The metabolism inhibitors, dicumarol and 6-AN, were used to
provide further evidence on the interaction of the mediators
with redox sites. Dicumarol affects respiration in a number of
ways both increasing and decreasing enzymes involved in these
pathways31. Selection of 6-AN was based on its inhibition of
6-phosphogluconate dehydrogenase in the Pentose Phosphate Path-
way (PPP), which results in a decrease in NADPH production32. The
secondary mediators DCIP and gallocyanine were selected for this
study because their interactions with the cell were expected to be
straightforward. DCIP is a mediator that has been reported to
interact with a limited number of internal redox sites e.g. it has
been reported to preferentially interact with the fermentative
pathway33 and interacts with respiratory processes only in the
presence of inhibitors34. Gallocyanine is an example of a mediator
that gives a small response in the double mediator system and has not
been reported to interact intracellularly. On the other hand, MD and
2,3,5,6,-TMPD are known to interact with a wide range of cell redox
molecules including those in the mitochondria and hence would be
expected to give data that was difficult to interpret35. Controls
containing [Fe(CN)6]32 and the metabolism inhibitors were also

performed. Measurement of the conversion of [Fe(CN)6]32 to
[Fe(CN)6]42 for each mediator/inhibitor combination is shown in
Figure 6A ([Fe(CN)6]32 only), 6B ([Fe(CN)6]32 and DCIP) and 6C
([Fe(CN)6]32 and gallocyanine). The patterns of responses of each
system to the inhibitors were compared to determine the sites of
interactions and two-way ANOVAs and a post-hoc Tukey test
were used to verify differences or similarities of the signals within
and between each group.

When cells were incubated with inhibitors and [Fe(CN)6]32 only
(Figure 6A), the mean oxidation currents showed that there were
significant differences between assays with no inhibitors and with
each of the single inhibitors, but not with assays containing both
inhibitors. The oxidation signal with dicumarol was over two times
greater (p , 0.05) than when the dicumarol was absent. [Fe(CN)6]32

is reduced by both NADPH and NADH dependent ferri-reductases
(tPMETs)36,37 and the observed increase occurs because, when dicu-
marol uncouples NADH-cytochrome-b5 in the mitochondria38, PPP
activity rises in an attempt to provide the cell with energy39. This
results in an increase in NADPH, which, is subsequently oxidised by
a membrane-bound ferri-reductase to ensure the pool of NADP1 is
not depleted37. The mean currents obtained for [Fe(CN)6]32 reduc-
tion in the presence of 6-AN are also significantly higher than in its
absence (p , 0.00001). Inhibition of PPP by 6-AN should lead to a
decrease in the signal and hence the increase suggests that an
unknown pathway of NADPH production increases in activity to
compensate for the decrease in the activity of the PPP; this finding
is in agreement with Davis and Kauffmann32. Further evidence for
the existence of another NADPH synthesising pathway can be seen
when both inhibitors are present. The signal is significantly lower
than the signals obtained when single inhibitors are used, but it is the
same as that in the absence of inhibitors (p , 0.001). With dicumarol
depressing the concentration of NADH and 6-AN depressing PPP
and the production of NADPH, the signal should fall significantly.
The fact that the signal is the same as the control also supports the
notion of another NADPH synthesis pathway.

DCIP is known to interact with internal cell redox sites. When cells
were incubated with [Fe(CN)6]32 and DCIP (Figure 6B), the mean
oxidation currents were significantly different for assays with no
inhibitors, with dicumarol, with 6-AN, and for assays containing
both of these inhibitors (p , 0.0001). The current increased approxi-
mately 50% (p , 0.0001) when dicumarol was added to assays with
DCIP and [Fe(CN)6]32. This is probably because dicumarol inhibits
complex II, III and IV of the electron transport chain31 resulting in
the concentration of reduced DCIP increasing because the cell can no
longer transfer its electrons to cytochrome b, i.e. the cell uses DCIP as
a terminal redox molecule in an attempt to allow the electron trans-
port chain to continue. Additionally dicumarol induces a strong
uncoupling effect on the electron transport chain38, which increases
oxidation currents when DCIP is present, i.e. there is an increase in
DCIP reduction in the mitochondria in an attempt to restore the
transmembrane proton gradient to allow ATP production to con-
tinue. This suggests that DCIP interacts with redox molecules in the
mitochondria, which is in agreement with the findings of Kumar and
Acharya34, but is contrary to the findings of Zhao et al5. In the pres-
ence of 6-AN, the signal obtained for DCIP is higher than when the
assay was performed in the absence of 6-AN. It has been shown that
this inhibitor depresses PPP and lowers the production of NADPH40.
The reason for the unexpected increase in current is unclear at pre-
sent and requires further investigation. It may indicate that either
mitochondrial metabolism is disrupted and, as seen with dicumarol,
DCIP is used to maintain electron transport and/or, as suggested
earlier, there is another pathway for NADPH production.

When cells were incubated with [Fe(CN)6]32 and gallocyanine
without inhibitors, with dicumarol, with 6-AN and with both inhi-
bitors (Figure 6C), there were no significant differences between the
signals (p . 0.9). Comparison of the trials using [Fe(CN)6]32 as the
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only mediator (Figure 6A), and the trials using [Fe(CN)6]32 and
gallocyanine (Figure 6C), shows that while there is no significant
difference between each of the inhibitor groups (dicumarol, 6-AN
and both inhibitors), there is a significant difference between the ‘no
inhibitors’ response in each trial (Figure 6A and 6C). This confirms
that gallocyanine is receiving electrons from surface sites additional
to those accessed by [Fe(CN)6]32. In the presence of inhibitors
however, the gallocyanine system is indistinguishable from the
[Fe(CN)6]32 only system, suggesting that the inhibitors act on redox
processes within the cell to significantly decrease the supply of elec-
trons to the surface site(s) that gallocyanine interacts with, while
increasing the supply of electrons to tPMETs that [Fe(CN)6]32 inter-
acts with.

Conclusion
This study shows that the use of a hydrophilic reporter mediator with
a high formal redox potential is an effective strategy to study the
interactions of other mediators with eukaryote cell redox processes.
The method distinguishes mediators that interact only with trans-
membrane electron transport molecules from those that interact
with intracellular redox sites. The addition of blocking agents to
the cells allows further differentiation between different types of
tPMET site and differentiation between the different intracellular
redox sites such as glycolysis, the hexose monophosphate pathway
and those of the mitochondria. In addition the method elucidates the
redox interactions occurring in eukaryote cells in vivo. This work
suggests that [Fe(CN)6]32, resofurin, 1-M-PMS, safranine, gallocya-
nine, benzoquinone and methyl red interact with several tPMET sites
on the external surface of the cell membrane i.e. extracellularly.
[Fe(CN)6]32, resofurin and 1-M-PMS may interact with a non-volt-
age gated tPMET while gallocyanine appears to interact with a
tPMET which functions independently of NADH/NADPH. The res-
ponses of the lipophilic mediators, 2,3,5,6-TMPD, MD, N,N,N9,N9-
TMPD and DCIP, which interact intracellularly, however do not
have a simple relationship with mediator redox potentials, lipophi-
licity or mode of transport into and out of cells.

Methods
Cell culture. S. cerevisiae (NTC 10716) was maintained on YEPD agar at 4uC. Yeast
cultures were grown in 150 ml of YEPD broth in shake flasks rotated at 180 rpm for
16 h at 30uC. Cells were then harvested by centrifugation at 4500 3 g and washed
twice in 25 ml of 50 mM phosphate buffer pH 7 before being re-suspended in sterile
phosphate buffered saline (PBS, 50 mM K2HPO4/KH2PO4, pH 7, 100 mM KCl). The
optical density of the cell suspension was adjusted to give an OD600 of 40 using an LKB
Novaspec II spectrophotometer. Cells were used on the day of harvest.

Chemicals. Stock solutions of chemicals were prepared as follows. The reporter
mediator, potassium hexacyanoferrate, (Sigma-Aldrich), was dissolved in sterile PBS
to give a final concentration of 200 mM. The secondary mediators: benzoquinone,
BQ, (Sigma), dichloroindophenol, DCIP, (Sigma), gallocyanine, GC, (Sigma),
menadione, MD, (Sigma), 1-methoxy phenazine methosulphate, 1-M-PMS,
(Dojindo Laboratories), methyl red, MR, (M&B), neutral red, NR, (Sigma), phenazine
ethosulphate, PES, (Sigma), resorufin, RES, (Sigma), safranine, SFN, (BDH),
N,N,N,9N9-tetramethylphenylenediamine, N,N,N,9N9-TMPD, (Sigma), 2,3,5,6-
tetramethylphenyldiamine, TMPD, 2,3,5,6-TMPD (Sigma) and toluidine blue, TB,
(BDH), were dissolved in 96% ethanol to give 2 mM solutions. Ethanol does not
contribute to the signal because alcohol dehydrogenase 2 (ADH 2), which catalyses
the conversion of ethanol to acetaldehyde, is completely repressed in the presence of a
fermentable substrate. Glucose (Merck) was dissolved in sterile PBS to give a 7.5 mM
solution. A 2 mM stock solution of dicumarol (Sigma) was prepared in distilled water
with the addition of 1 M sodium hydroxide until the dicumarol had dissolved. 6-
aminonicotinamide, 6-AN (Sigma) was dissolved in 96% ethanol to give a 2 mM
solution.

Assay conditions
Double mediator system. Standard assay and incubation conditions
were as follows: a total assay volume of 5 ml comprised 20 mM
[Fe(CN)6]32, 100 mM secondary mediator, 7.5 mM glucose and
cells at OD600 of 5.0. Three controls were used; control 1 com-
prised 20 mM [Fe(CN)6]32, 7.5 mM glucose and cells at OD600 5.0
(total volume 5 mL), control 2 comprised 20 mM [Fe(CN)6]32 and

Figure 6 | Mean steady state currents from LSVs of cells incubated with
solutions of: 20 mM [Fe(CN)6]32 only (A); Mean steady state currents
from LSVs of cells incubated with solutions of 20 mM [Fe(CN)6]32 and
100 mM DCIP (B); and Mean steady state currents from LSVs of cells
incubated with solutions of 20 mM [Fe(CN)6]32 and 100 mM GC (C) at
425 mV vs Ag/AgCl. Each group was incubated with no inhibitors,

dicumarol (100 mM), 6-AN (100 mM), and both inhibitors. Standard

incubation conditions were used. Error bars represent 61SE (n 5 9).
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7.5 mM glucose (total volume 5 mL), and control 3 comprised
7.5 mM glucose with cells at an OD600 of 5.0 (total volume 5 mL).
Assay solutions were incubated for 1 h at 37uC and purged with O2-
free N2. Purging not only eliminated O2 but also served to keep the
cells in suspension. All assays were performed in triplicate. On
completion, solutions were centrifuged at 4500 3 g for 8 min and
the supernatants were decanted into 50 mL tubes for immediate
electrochemical analysis.

Metabolism disruptor studies. Double mediator studies were
performed as above, but with the addition of the metabolism
disruptors, dicumarol and 6-aminonicotinamide, both at a final
concentration of 100 mM.

Electroanalysis of supernatants. Electrochemical investigation of
the supernatants was performed using linear sweep voltammetry
(LSV) under steady-state conditions. A three electrode system com-
prising a 100 mm Pt microdisc working electrode, a Ag/AgCl (3 M
KCl) reference electrode, and a Pt counter electrode controlled by an
eDAQ potentiostat and eDAQ power lab 2/20 with eCHEM data
acquisition software was used in all experiments. The Pt microdisc
electrode was polished before each measurement with 0.05 mm
alumina on Lecloth. The Pt microdisc was held at open circuit
potential for 10 s prior to beginning each scan and LSVs were
obtained by scanning from 450 mV to 100 mV at a scan rate of
10 mV s21. Steady state currents were measured at 425 mV and
three repeat voltammograms were averaged to give the mean
value; five replicates were obtained for the [Fe(CN)6]32 and cells
control. The mean current from each replicate was used to obtain
an overall experimental mean and standard error. The experiments
were performed over a number of days so the statistical data reflects
cell batch variation.
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