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ABSTRACT: We have investigated glycolytic oscillations under semi-anaerobic conditions in Saccharomyces
cereVisiae by means of NADH fluorescence, measurements of intracellular glucose concentration, and
mitochondrial membrane potential. The glucose concentration was measured using an optical nanosensor,
while mitochondrial membrane potential was measured using the fluorescent dye DiOC2(3). The results
show that, as opposed to NADH and other intermediates in glycolysis, intracellular glucose is not oscillating.
Furthermore, oscillations in NADH and membrane potential are inhibited by the ATP/ADP antiporter
inhibitor atractyloside and high concentrations of the ATPase inhibitor N,N′-dicyclohexylcarbodiimide,
suggesting that there is a strong coupling between oscillations in mitochondrial membrane potential and
oscillations in NADH mediated by the ATP/ADP antiporter and possibly also other respiratory components.

Yeast is one of the most well-studied organisms and is
favored as a model system in many biochemical studies. It
is easy to handle and displays many basic biochemical
processes, which are mechanistically conserved in multicel-
lular eukaryotes. Therefore, experimental results obtained by
studies of yeast increase our understanding of complex
metabolic networks in other eukaryotic cells, e.g., human
cells.

In yeast cells, glycolysis is one of the most studied
biochemical pathways. Nonetheless, while our understanding
of the individual reaction steps in this pathway is significant,
we have only limited knowledge about the overall behavior
of the system, not only in yeast but also in a variety of
different cell types. Glycolysis in yeast is known to oscillate
under anaerobic (1, 2) or semi-anaerobic conditions (3). The
latter implies that cyanide has been added to the cells to arrest
respiration. Furthermore, it was recently shown that oscil-
lations in glycolysis, as observed by oscillations in reduced
nicotinamide adenine dinucleotide (NADH)1 autofluores-
cence are accompanied by oscillations in mitochondrial

membrane potential (4). The mechanism responsible for these
membrane potential oscillations is not fully understood. This
is mainly due to the fact that methods for real-time
determination of metabolites in living cells are very scarce.

Methods for measurements of glucose in aqueous solution,
for example, in blood plasma, are well-established. This is
mainly due to the medical importance of such measurements,
for example, in patients with diabetes mellitus. Such methods
are often based on fluorescence (5), near-infrared (NIR)
spectroscopy (6, 7), or enzymatic assays combined with
electrochemical detection (8–10). However, none of these
methods allows for real-time intracellular measurements of
glucose in living cells. Information about intracellular
metabolites is usually achieved by disruption of the cell,
extraction of cell material, and subsequent analysis by the
methods mentioned above. An alternative method to measure
glucose is to use nanosensors (11). We have prepared
nanosensors designed for real-time intracellular glucose
measurements based on the design described by Xu et al.
(12) and inserted them into yeast cells using electroporation.
This allowed us to measure the time-resolved glucose
concentration under conditions where glycolysis is oscillating
(13). A somewhat unexpected result is that intracellular
glucose appears not to oscillate but remains in a stationary
state close to 0.5 mM. Furthermore, we have inserted the
cyanine dye 3,3′-diethyloxacarbocyanine iodide [DiOC2(3)]
to measure oscillations in mitochondrial membrane potential,
accompanying the oscillations in NADH. The oscillations
in mitochondrial membrane potential are inhibited by the
mitochondrial adenosine triphosphate (ATP)-adenosine
diphosphate (ADP) antiport inhibitor atractyloside and high
concentrations of dicyclohexylcarbodiiamide (DCCD). The
latter inhibits the proton translocating F0F1 ATPase at low
concentrations but seems to have more unspecific effects on
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respiration at higher concentrations (14) Our results suggest
that the ATP-ADP antiport is involved in the coupling of
oscillations of NADH to oscillations in mitochondrial
membrane potential, but participation of other parts of the
respiratory chain cannot be excluded.

MATERIALS AND METHODS

Chemicals and Reagents. All reagents were purchased
from Sigma-Aldrich, Germany, unless otherwise noted. The
reference dye Oregon Green dextran [molecular weight
(MW) of 10 000 Da] and the fluorescent probe DiOC2(3)
were purchased from Molecular Probes (Eugene, OR).

Synthesis of Ru([dpp(SO3Na)2]3)Cl2 ·6H2O. RuCl3 (57 mg,
0.276 mmol) was reacted with 3.5 equiv of 4,7-diphenyl-
1,10-phenanthroline disulfonic acid disodium salt (518 mg,
0.961 mmol) in 20 mL of distilled water and refluxed with
stirring for 2 days. The solution color changed from dark
green to red during this time. The solution was cooled and
filtered. The solvent was removed by rotary evaporation, and
the solid was redissolved in 5 mL of H2O and loaded onto
a Sephadex G25 size-exclusion column and eluted with H2O.
The first brown and purple fractions were discarded, and only
the red band was collected. The red fraction was dried to
give a red solid.

The product contains several isomers, with the -SO3Na
substituents randomly positioned on the phenyl rings.
However, previous reports indicate that the mixture of
isomers gives no evidence of heterogeneous fluorescent
lifetimes (15). Characterization of the compound by standard
methods was performed as described in Castellano et al. (16).

Preparation of Glucose Nanosensors. The nanosensors
were prepared by incorporation of the enzyme glucose
oxidase, the oxygen-sensitive fluorescent dye Ru([dpp(SO3-
Na)2]3)Cl2 ·6H2O, and the oxygen-insensitive (17) fluorescent
dye Oregon Green dextran into acrylamide polymerized in
microemulsion as follows. A total of 2 mL of monomer
solution was added dropwise into a solution of 43 mL of
hexane, 3.08 g of AOT, and 1.59 g of Brij30 in a round-
bottom flask. The monomer solution contained 2.7 g of
acrylamide, 0.8 g of N,N′-methylenebis(acrylamide), and 9
mL of 10 mM sodium phosphate buffer at pH 7.2. A total
of 12 µL of 10 mg/mL Oregon Green dextran, 20 µL of 60
mg/mL Ru complex, and 10 mg of glucose oxidase (∼200
units mg-1) were added to the microemulsion (the com-
pounds were dissolved in 10 mM sodium phosphate buffer
at pH 7.2). The microemulsion was stirred under argon
throughout the preparation and deoxygenated by three
freeze-vacuum-thaw cycles using liquid nitrogen as the
freezing medium. To initiate the polymerization, 50 µL of a
10% (w/w) sodium bisulfite solution was added. The solution
was kept under argon and stirred at room temperature for
2 h to ensure complete polymerization. Hexane was removed
by rotary evaporation, and the remaining solution was
resuspended in 96% ethanol and transferred to an Amicon
ultrafiltration cell model 8200 (Millipore Corp., Bedford,
MA). The solution was washed with 600 mL of 96% ethanol
to separate surfactants, unreacted monomers, excess proteins,
and dyes from the sensors using a 100 kDa filter under 2
bar of pressure. The polymer particles containing Oregon
Green dextran, glucose oxidase, and Ru complex were then
resuspended in ethanol, passed through a suction filtration

system (Millipore Corp., Bedford, MA), with a 0.025 µm
nitrocellulose filter membrane, and rinsed with 100 mL of
ethanol. The particles were collected when dry. The mean
hydrodynamic particle diameter was 27 nm as determined
by dynamic light scattering (DLS). The found particle size
was similar to previous determinations obtained with DLS
and atomic force microscopy (18). The diameter was
determined by DLS at a fixed scattering angle of 90° using
a BI-200SM goniometer from Brookhaven Instruments (New
York), equipped with a 632.8 nm HeNe laser. The sample
temperature was kept constant with a temperature-controlled
water bath. Once the sensors were collected in the dried form,
they could be stored for several months at -20 °C.

Insertion of Sensors. The glucose nanosensors were
inserted into living yeast cells by electroporation using a gene
pulser transfection apparatus equipped with a capacitor
extender, both from Bio-Rad Laboratories, Hercules, CA.
Nanosensors were prepared for insertion by dissolving them
in 1 M sorbitol and sonicating for 30 min. Starved yeast
cells were centrifuged for 3 min and suspended to 10% wet
weight in the sorbitol solution containing sensors. A total of
400 µL of this solution was added to the electroporation
cuvette with a gap of 0.2 cm. Electroporation was performed
using a voltage of 450 V and a capacitance of 960 µF. After
electroporation, the cells were centrifuged and washed 3
times in 10 mM sodium phosphate buffer at pH 7.2.

Mass Spectrometric Measurements of Oxygen Consump-
tion and CO2 Production. Measurements of oxygen con-
sumption and CO2 production were conducted using mem-
brane inlet mass spectrometry as described in Poulsen et al.
(1).

Fluorescence Measurements. Calibration of nanosensors
and measurements of cells containing nanosensors were
performed on an Edinburgh FS920 steady-state fluorometer
(Edinburgh, Scotland). Oregon Green dextran and the Ru
complex were both excited at 470 nm and emission was
measured at 521 and 590 nm, respectively. The slits were
set at 2.50 nm for both excitation and emission. The
calibration was performed in a well-stirred (1250 rpm) 3 mL
sample in contact with a gas headspace with a constant
oxygen/nitrogen (21% oxygen) atmosphere. This ensured a
homogeneous solution with an efficient supply of oxygen.
Figure 1A shows the fluorescence spectra of the particles in
the presence of different concentrations of glucose, while
Figure 1B shows a plot of the ratio of the fluorescence peaks
at 590 and 521 nm, respectively, against the concentration
of glucose. The solid line represents a nonlinear fit of the
data to a calibration curve defined by the equation

R)Rmin +
Rmax -Rmin

1+ 10(Ksensor-[glucose])
(1)

Here, R is the ratio of fluorescence peaks at 590 and 521
nm, respectively, Rmax and Rmin are constants, [glucose] is
the glucose concentration, and Ksensor is a constant given by
the sensor. It is worth noting that each new preparation of
sensors showed a characteristic calibration curve that could
be described by eq 1, but the constants Rmax, Rmin, and Ksensor

may differ from one preparation to another. The response
time of the sensor was estimated to about 40 s from
measuring the time for the change from 10 to 100% of the
response. This is a shorter response time than reported by
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Xu et al. (12), which could be explained by the smaller
diameter of our nanosensors compared to those used by Xu
et al. (12).

The principle of the sensors implies that glucose entering
the sensor matrix is oxidized throught the reaction

glucose+O2f gluconic acid+H2O2 (2)

catalyzed by glucose oxidase. The rate of depletion of oxygen
is determined by the glucose concentration in the neighbor-
hood of the sensor and is registered as an increase in the
fluorescence by the oxygen-sensitive ruthenium dye in the
matrix. Using membrane inlet mass spectrometry, we
determined an overall oxygen consumption in a suspension
of sensors supplied with glucose (data not shown) and, hence,
the sensors can only be used to measure glucose in
nonrespiring cells. Because oscillations in yeast cells are
evoked here by the addition of cyanide to the yeast cell
suspensions, no intracellular oxygen consumption because
of oxidative phosphorylation will influence the measure-
ments. Using membrane inlet mass spectrometry, we tested
that respiration was inhibited 100%, in cells supplied with 5
mM potassium cyanide. Measurements of intracellular
glucose in yeast were made under the same experimental
conditions (volume, stirring rate, and temperature) as the in
vitro calibrations of the sensors. Also, the concentrations of
fluorophores in the yeast experiments were in the same
concentration range as in the in vitro calibrations.

NADH autofluorescence (excitation at 366/3 nm and
emission at 450/3 nm) and membrane potential-dependent
DiOC2(3) fluorescence (excitation at 488/3 nm and emission
at 600/3 nm) in yeast cells were also measured by the
Edinburgh spectrofluorometer. The cells were suspended in
a stirred 3 mL sample in a 1 × 1 × 4.5 cm quartz cuvette.
When measuring mitochondrial membrane potential, the cells
were supplied with 6 µM DiOC2(3) at time zero as described
in ref 4.

Yeast Cells. Yeast cells, Saccharomyces cereVisiae diploid
strain X2180, were grown and harvested as described in
Poulsen et al. (1).

RESULTS

We have used nanosensors to gain insight into glucose
uptake and consumption in suspensions of yeast cells
displaying oscillating glycolysis. The cells are small, and
critical perturbations or even damage to the cells is a problem

when it comes to quantitative determination of glucose
uptake and intracellular concentration. One challenge is the
insertion of sensors into cells. Yeast cells possess a rigid
cell wall that has to be penetrated or circumvented in order
to deliver material into the cells. Electroporation has previ-
ously been used successfully for insertion of material into
yeast cells (19). Here, we demonstrate for the first time that
polyacrylamide nanoparticles can be inserted into yeast cells
using electroporation. Figure 2 shows the fluorescence spectra
of a suspension of starved yeast cells into which we have
inserted the glucose nanosensors, and it demonstrates that
the incorporated nanosensors do indeed measure the uptake
of glucose. The amount of glucose taken up 5 min after the
addition of glucose corresponds to an intracellular concentra-
tion of about 0.5 mM (calculated by eq 1). Except for very
low concentrations of extracellular glucose (<2 mM), the
steady-state concentration of intracellular glucose was esti-
mated to be around 0.5 mM, irrespective of the amount of
glucose present in the suspension. This steady-state concen-
tration of glucose was also independent of the cell density
and amount of inserted glucose sensors (as determined by
the fluorescence count per milligram of cells). To test

FIGURE 1: Calibration of glucose sensors in aqueous solutions containing various concentrations of glucose. (A) Spectra of sensors suspended
in 10 mM potassium phosphate buffer at pH 7.2 containing different concentrations of glucose as indicated. The concentration of sensors
was 2 mg/mL. Excitation wavelength ) 470 nm. (B) Plot of the ratio of the fluorescence at 590 and 521 nm against the glucose concentration.
The solid line represents a nonlinear fit to the data using eq 1. Rmin ) 0.6312, Rmax ) 1.4777, and Ksensor ) 0.8575. Temperature ) 25 °C.

FIGURE 2: Fluorescence spectra of a suspension of starved yeast
cells with incorporated glucose sensors before and after the addition
of glucose to the external solution. Solid curve, spectrum of cells
with incorporated glucose sensors in the presence of 5 mM sodium
azide; dashed curve, spectrum of yeast cells with glucose sensors
incorporated in the presence of 5 mM sodium azide and 5 min
after addition of 10 mM glucose to the external medium. The curves
emerge after subtraction of a background spectrum of yeast cells
without sensors. Yeast cells corresponding to 5% wet weight were
suspended in 10 mM phosphate buffer at pH 7.2 and 25 °C.
Excitation wavelength ) 470 nm.
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whether the estimated steady-state concentration of around
0.5 mM represents a genuine intracellular concentration or
it is a result of a change in the sensitivity of the sensors to
glucose, we performed experiments where we added large
amounts (∼50 mM) of glucose to a suspension of cells where
glucose consumption has been inhibited by either 20 mM
of iodoacetate (20) or 5 mM of 2-deoxyglucose (21). We
observed that the ratio of fluorescence at 590 nm over the
521 nm approached the saturation level of the sensor,
meaning that the estimated glucose concentration, using a
calibration curve as in Figure 5, increased to 5 mM or more
(data not shown). Thus, we conclude that the estimated
steady-state concentration in the absence of these inhibitors
is a realistic value.

The yeast cells observed by phase contrast and fluores-
cence microscopy are shown in parts A and B of Figure 3,
respectively. The fluorescence microscopy pictures reveal that

the dye is evenly distributed in the cells. This uniform
distribution of the glucose sensors can be seen for several
hours after the insertion of the sensors. Figure 4 shows
measurements of intracellular glucose concentration (Figure
4B) and glucose concentration in the external medium
(Figure 4D) following a pulse of glucose; pulse sizes were
10 and 2 mM, respectively. The results demonstrate that the
glucose sensors respond reversibly to changes in the glucose
concentration.

The kinetics of glucose uptake in yeast cells was inves-
tigated by measuring the flux of glucose into the cells as a
function of the concentration of glucose in the external
medium. The respiration of the cells was inhibited by 5 mM
sodium azide to avoid any interference of respiration and
glucose consumption by the sensors. The data (not shown)
obtained from these measurements could be fitted to a
Michaelis-Menten type flux equation

FIGURE 3: Yeast cells in which glucose sensors have been incorporated by electroporation. Yeast cells observed using (A) phase-contrast
microscopy and (B) fluorescence microscopy. Approximately 50% of the cells show sensor fluorescence. Excitation at 450/50 nm and
emission at 630/60 nm.

FIGURE 4: Kinetics of glucose uptake in starved yeast cells. (A) Ratio of emission wavelengths (excitation wavelength ) 470 nm) because
of incorporated glucose sensor in a suspension of starved yeast cells following the addition of first 5 mM sodium azide and then 10 mM
glucose to the suspension. (B) Calculated intracellular glucose concentrations using the fluorescence data in A and the calibration function
given by eq 1. (C) Glucose nanosensors are added to the extracellular medium and hence not inside the cells. The sensors react upon the
addition of 2 mM glucose by an increase in the intensity ratio of the incorporated dyes. As the yeast cells use the glucose, the ratiometric
signal returns to the baseline. (D) Calculated extracellular glucose concentration using fluorescence data in C. Starved yeast cells were
suspended in 10 mM phosphate buffer at pH 7.2 to a density of 5% wet weight. Temperature ) 25 °C.
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J0 )
Jmax[Glu]e

K+ [Glu]e
(3)

where J0 is the initial flux of glucose uptake, Jmax is the
maximum flux of glucose uptake (limited by the number of
glucose transporter molecules in the plasma membrane),
[Glu]e is the concentration of glucose in the extracellular
medium, and K is the dissociation constant for the binding
of glucose to the glucose transporter. We estimated values
of Jmax ) 2.2 µM/s and K ) 15.7 mM. The latter is within
the previously reported range of 2-18 mM (22–24).

Thus, we were able to show that yeast cells with
incorporated nanosensors take up glucose. However, it is
obviously crucial to the results that the cells remain viable
after electroporation. According to the literature, the viability
of S. cereVisiae at the conditions used for insertion of
nanosensors is approximately 95% (19) and sometimes up
to 98% (25), subsequent to electroporation. We observed by
microscopy that cells were able to divide after incorporation
of nanosensors and the ability to form colonies when cultured
on agar was unaltered (data not shown). It was also tested
whether the cells with incorporated nanosensors were able
to show oscillating glycolysis when pulsed with glucose and
cyanide. In such a suspension, all cells oscillate in
phase (2, 26–28).

Figure 5 shows temporal measurements of (A) the auto-
fluorescence of NADH and (B) the intracellular concentration
of glucose in a dense suspension of yeast cells with
incorporated glucose sensors following the addition of first
30 mM glucose and then 5 mM cyanide to the suspension.
We note that, while the concentration of NADH is oscillating
in these cells, the concentration of glucose remains essentially
constant around 0.4-0.5 mM.

We also investigated the coupling between the NADH
oscillations and the oscillations in mitochondrial membrane
potential discovered recently (4). Parts A and D of Figure 6
show plots of the NADH autofluorescence and the fluores-
cence as a result of DiOC2(3), which is an indicator of
mitochondrial membrane potential. It was shown earlier that
the addition of carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone (FCCP), which uncouples the mitochondrial
membrane proton gradient and hence uncouples oxidative
phosphorylation, dissipates the mitochondrial membrane
potential without affecting the oscillations in NADH (4).
Furthermore, the addition of oligomycin, an inhibitor of F0F1

ATPase did not have an effect on neither the NADH
oscillations nor the oscillations in membrane potential (data
not shown). However, in some cases, yeast may carry
resistance to oligomycin (29). Therefore, we first tested if
oligomycin and other inhibitors were effective inhibitors of
respiration of our yeast strain. This was performed in a
membrane inlet mass spectrometer (1). We found that the
addition of 50 µM oligomycin to a well-stirred suspension
of yeast cells (10% wet weight) did not affect the respiration
rate, whereas the addition of 300 µM atractyloside or 600
µM N,N′-dicyclohexylcarbodiimide (DCCD) both inhibited
respiration by 20-50%, with atractyloside being the strongest
inhibitor. At concentrations of DCCD around 5-10 µM,
DCCD inhibits the F0F1 ATPase, but at higher concentrations
(>20 µM), it inhibits mitochondrial respiration in a more
unspecific manner (14). Atractyloside, on the other hand, is
an inhibitor of the mitochondrial ADP/ATP antiporter.

However, none of these inhibitors of respiration and oxidative
phosphorylation were able to inhibit the respiration 100%.
Parts B and E of Figure 6 show the effect of atractyloside
on the oscillations of NADH and mitochondrial membrane
potential, while parts C and F of Figure 6 show the effect of
DCCD on these oscillations. Both inhibitors affect oscilla-
tions in NADH as well as oscillations in membrane potential.
In the case of DCCD, the effect was only transient. The
strongest effect seems to be that of atractyloside on mito-
chondrial membrane potential. It is interesting to note that
the effect of these two inhibitors is the same on both NADH
and membrane potential oscillations. In addition to inhibiting
the oscillations in NADH and mitochondrial membrane
potential, DCCD also seems to hyperpolarize the mitochon-
drial membrane potential. Finally, we tested the effect of
amphotericin B on the oscillations in NADH and membrane
potential. Amphotericin B forms channels in the plasma
membrane and induces leakage of K+. This outflux has been
shown to induce a substantial decrease of some K+-dependent
glycolytic enzymes, such as aldolase, phosphofructokinase,

FIGURE 5: Real-time measurements of autofluorescence of NADH
and intracellular concentration of glucose in a dense suspension of
starved yeast cells following the addition of 30 mM glucose and
subsequently 5 mM KCN. Yeast cells corresponding to a cell
density of 10% wet weight and containing glucose nanosensors were
suspended in 10 mM phosphate buffer at pH 7.2. Autofluorescence
of NADH was measured at 450 nm (excitation wavelength ) 366
nm). The intracellular glucose concentration was measured by the
ratio of fluorescence at 590 and 521 nm (excitation wavelength )
470 nm) and converted to the glucose concentration using the
calibration function given by eq 1. The temperature was 25 °C.

Probing Metabolic Oscillations in Yeast Biochemistry, Vol. 47, No. 28, 2008 7481



and pyruvate kinase (30). The addition of 10 µM ampho-
tericin B abolished oscillations of both NADH and membrane
potential.

DISCUSSION

The use of different fluorescent probes allows us to get a
deeper insight into the oscillations in NADH and mitochon-
drial membrane potential in yeast cells. The synthesis of
nanosensors enables us to perform real-time measurements
of intracellular concentrations of glucose in these cells. The
fluorescence intensity of the Ru complex is affected by the
partial pressure of oxygen in the environment of the
nanoparticle. When glucose oxidase catalyzes the oxidation
of glucose to gluconic acid, oxygen is consumed and the
fluorescence of the Ru complex increases. As long as no
fluorescent compound has been found, which is capable of
selectively measuring the glucose concentration, the indirect
method using the Ru complex offers a reliable method for
glucose quantification in nonrespiring cells.

Insertion of two dyes into the polyacrylamide matrix
allows for ratiometric measurements of glucose. The sensors
can be calibrated in Vitro and used directly in ViVo by
calculating the ratio of reporter peak intensity to the reference
peak intensity. Furthermore, light scattering caused by the

sample and fluctuations in excitation light intensity will not
significantly affect the ratio of emitted light intensity [see
for example Xu et al. (12)].

We have successfully inserted this sensor into yeast cells
using electroporation and demonstrated that the cells are
viable and fully functional after this treatment. Also, the
sensors are fully functional after insertion. Viability of the
electroporated yeast cells was confirmed by the ability of
the cells to divide (observed by microscopy and colony
formation on agar), to respond to glucose perturbation, and
to perform glycolytic oscillations. The ability of the cells to
perform glycolytic oscillations has been shown to be strongly
dependent upon cell density (31–33). According to De Monte
et al. (33) sustained oscillations vanishes at a cell density of
≈7 × 108 cells/mL. On the basis of the fact that cell density
used in our experiments is approximately 1.2 × 109 cells/
mL and that amplitude of the oscillations is almost unaffected
by the presence of glucose sensors in the living cells, we
conclude that cell viability following electroporation is high,
which agrees with the findings of Weaver et al. (19) and
Herman et al. (25).

Our measurements of the time-resolved glucose concentra-
tion in yeast cells with an oscillating glycolysis showed that,
as opposed to the NADH concentration, the glucose con-

FIGURE 6: Oscillations in NADH (left panel) and mitochondrial membrane potential (right panel) in yeast cells supplemented with glucose
and KCN and various inhibitors of oxidative phosphorylation. To a suspension of yeast cells (10% wet weight) were added 6 µM DiOC2(3)
at time zero and 30 mM glucose at time 2.0 min followed by 5 mM KCN at time 2.5 min, indicated by arrows. In B and E, the cells were
incubated with 300 µM atractyloside for 5 min before they were transferred to the cuvette in the spectrofluorometer, while in C and F, the
cells were preincubated with 600 µM DCCD for 5 min. NADH is measured as fluorescence at 450 nm (excitation ) 366 nm), and
mitochondrial membrane potential is measured as fluorescence at 600 nm (excitation ) 488 nm). The temperature was 25 °C.
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centration seems to be in a stationary state around 0.4-0.5
mM. It is concluded that the insertion of glucose nanosensors
into the cells do not change the metabolism of the cells
significantly, because the cells with incorporated glucose
sensors show oscillations in NADH that are indistinguishable
from oscillations in cells without glucose sensors. The
oscillations in NADH and mitochondrial membrane potential
are very sensitive to substances that affect the activity of
glycolytic enzymes, such as amphotericin B (30). Thus, we
conclude that the insertion of glucose sensors has no effect
on the activity of glycolytic enzymes. Our measurements
show that, following addition of more than 2 mM glucose
to starved and nonrespiring yeast cells, the intracellular
glucose concentration always approached a level of 0.4-0.5
mM, irrespective of the amount of added glucose. This
estimate is independent of cell density. Furthermore, we
determined the same steady-state concentration of glucose
in cells with different amounts of sensors. Thus, any
difference in the oxygen concentration between the extra-
cellular phase and the cytoplasm must be negligible. Also,
if the oxygen concentration in the cytoplasm were lower than
in the extracellular space, our estimate of the intracellular
glucose concentration would be an overestimate. The steady-
state concentration of glucose of 0.5 mM must be limited
by the glucose influx, because inhibiting glucose consump-
tion by iodoacetate or 2-deoxyglucose results in an increase
in the glucose concentration to 5 mM or higher. The sensors
act reversibly and are able to respond to repeated increases
and decreases of the glucose concentration (12). We found
that the time for the sensors to respond to a change in the
glucose concentration by a factor 10 is around 40 s. If
intracellular glucose concentration does oscillate, it is
expected that the amplitude must be very low. The periodicity
of glycolytic oscillations is approximately 36 s (34) at 30
°C, and the sensor response time does not seem to be too
high to detect small oscillations in intracellular glucose. The
concentration of glucose determined in the present work
agrees with the concentration predicted by models of
glycolysis (35, 36) and with experimentally determined
concentrations (37–40). It is important to emphasize that
glucose concentrations determined in refs 37–40 are found
in cell extracts, which do not allow for real-time quantifica-
tion of intracellular glucose. Our work is thus the first report
where nanosensors are inserted by use of electroporation
and quantitatiVe measurements of the kinetics and dynamics
of glucose uptake in liVing yeast cells. HoweVer, the current
sensor type has some drawbacks, such as acting irreVersibly
by consuming glucose and oxygen. The latter limits its use
to nonrespiring cells. We are currently working on deVelop-
ing a new type of sensor that acts reVersibly. Here, aptamers
might show some use (41).

The use of the membrane-potential-sensitive dye DiOC2(3)
that specifically stains mitochondrial membranes shows that
there is a coupling between the oscillations in the NADH
concentration and oscillations in the mitochondrial membrane
potential. We have shown previously that the addition of
the uncoupler FCCP dissipates the membrane potential, while
leaving the NADH oscillations unaffected (4). The addition
of the inhibitors atractyloside and DCCD (instead of oligo-
mycin) inhibits both the oscillations in NADH and mito-
chondrial membrane potential and essentially to the same
extent. The effect of atractyloside suggests that the ADP/

ATP antiporter is involved in the coupling of NADH and
membrane potential oscillations. On the other hand, the effect
of DCCD may be due to both an effect on the F0F1 ATPase
and other components of the respiratory chain, e.g., the
cytochrome bc1 complex (42) or the plasma membrane H+-
ATPase (43). However, an interesting observation is that,
while the amplitudes of the oscillations decrease after
addition of atractyloside and DCCD, the period of the
oscillations remain unaffected. This observation and the fact
that NADH oscillations are unaffected by the uncoupler
FCCP indicate that the oscillations in mitochondrial mem-
brane potential are driven by the glycolytic oscillations.
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