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Abstract

An open spatial reactor has been designed for the investigation of spatio-temporal dynamics of glycolysis. The reactor consists of a
diffusive layer made of gel-fixed yeast extract which is in contact with a continuously stirred reservoir to supply this layer with substrates.
The coupling between reaction and diffusion in the gel layer enables the formation of spatio-temporal patterns.

Temporal oscillations of glycolysis are simply induced by feeding the yeast extract with sugar. Under properly chosen conditions, these
oscillations sustain for more than 12 h. A necessary prerequisite for the generation of oscillations is that the ATP concentration in the feeding
solution must be high enough to allow for negative feedback of phosphofructokinase. Otherwise, the interplay between ATP-consuming and
ATP-producing reactions leads to an unfavorable low ATP/AMP ratio.

The generation of travelling NADH-waves is observed in the diffusive layer, when feeding the yeast extract with substrates. Break-up of

circular-shaped waves is repeatedly observed, resulting in the formation of rotating NADH-spirals.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Periodic behaviour is a fundamental property of living
systems and is found at different levels of biological
organization as for example, the circadian rhythm [1,2],
the cell cycle [3,4], glycolytic oscillations in yeast cells [5,6]
and extract [7], heart cells and extract [8,9], pancreatic -
cells [10] and muscle extract [11].

Abbreviations: PFK, phosphofructokinase; ALD, aldolase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kin-
ase; PK, pyruvate kinase; G6P, glucose-6-phosphate; F6P, fructose-6-
phosphate; FDP, fructose-1,6-diphosphate; GAP, glyceraldehyde-3-phos-
phate; DAP, dihydroxyacetone phosphate.
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A characteristic feature of oscillatory systems is their
ability to generate stationary or dynamic spatio-temporal
patterns. The appearance of reaction—diffusion waves in
different biological systems is well documented, e.g. such as
calcium waves in frog oocytes [12], spreading depression
waves in the cortex [13], and retina [14], cyclic AMP waves
in cell layers of the slime mould Dictyostelium discoideum
[15], NADH waves in neurophils [16] and in yeast extract
[17,18] (for an extended review see [19]).

We investigate the mechanism of metabolic pattern
formation in a yeast extract. For this we focus on oscillatory
glycolytic degradation of sugar which plays a central role
for the regulation of the energy metabolism of cells. A
necessary prerequisite for a precise investigation of such a
system in nonequilibrium is to have it operated in an open
reactor. Several groups have studied the temporal dynamics
of glycolysis in a continuous stirred tank reactor (CSTR)
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with yeast cells [20], yeast extract [21,22], or purified
glycolytic enzymes [23,24]. However, these studies did not
take up the formation of spatial patterns.

The study of sustained spatio-temporal patterns is only
possible in an open spatial reactor. Standard reactors of this
sort consist of a diffusive layer in contact with the contents
of a CSTR. The former, often a disc of hydrogel, prevents
any hydrodynamic flow but allows both for reaction and for
diffusion within the gel. Permanent nonequilibrium con-
ditions are insured in the gel by diffusive exchanges of
matter between the CSTR and the gel at the contact
interface. Such open spatial reactors have been used to
investigate travelling waves in the Belousov—Zhabotinsky
reaction [25,26] or stationary patterns in the CIMA reaction
[27-29]. We have adapted such a reactor for the inves-
tigation of spatial reaction—diffusion patterns in the glyco-
lytic reaction by trapping a yeast extract in the gel part of the
reactor and by feeding the CSTR with sugar and co-factors
of the glycolytic reactions.

2. Materials and methods
2.1. Preparation of yeast extract

All experiments were performed with a cell-free yeast
extract prepared from the aerobically grown yeast Saccha-
romyces carlsbergensis (ATCC 9080) according to ref. [30],
except that the phosphate buffer was replaced by 25 mM
MOPS pH 6.5, 50 mM KCI. The yeast cells were ruptured
with glass beads (diameter: 0.45-0.5 mm) in a Braun—
Melsungen homogenizer.

2.2. The open spatial reactor

The open spatial reactor is made of two parts: the lower
part is a CSTR in which solutions of substrates and co-
factors for glycolysis are permanently injected by means of
a peristaltic pump (see Scheme 1) and are constantly mixed
by a magnetic stirrer. The upper part consists of a disc of gel
being indirectly in contact with the solution in the CSTR. A
set of two circular membranes is placed between the gel and
the CSTR: a black nitro-cellulose membrane with pore size
of 0.8 pm from Millipore tightly placed on a cellulose
triacetate membrane, MW cut off 10 kDa, from Sartorius.

Outlet & 25mm Quartz glass
Gel-fixed
yeast — | —
extract Set of membranes
Magnetic / —— Inflow
stirrer

Scheme 1. Schematic drawing of the open spatial reactor. For explanation
see text.

The black membrane strongly reduces the fluorescence
background from the white Sartorius membrane and largely
improves the detection of the NADH-fluorescence of the
yeast extract.

The role of the membrane is not only to keep the
enzymes within the gel but also to partly decouple the gel
contents from the CSTR contents, in order to form spatial
patterns. In the absence of this decoupling, the homo-
geneous (stirred) state of the CSTR would force the thin
film of the gel to be also homogeneous.

2.3. Gel fixation of yeast extract

6.1% agarose (Type IXA from Sigma) in deionized water
(conductivity <0.056 uS X cm) was heated for 5-7 min at
65 °C. The melted gel was placed in a water bath at 23 °C.
At the same time 0.98 ml of yeast extract (30 mg protein/ml)
was also incubated at 23 °C. After 2-3 min, the yeast extract
was carefully mixed with the agarose (end concentration:
1.65%). This mixture was then placed between 2 glass
plates separated by spacers 1.3 mm thick. A 5-kg weight
was placed on the upper glass plate (20 cm X 15 cm) for 15
min in order to obtain a flat surface of the gel. During this
gelation process the temperature was kept at 0 °C by ice
containers. Thereafter, a circular piece (diameter: 24 mm)
was cut out of the gel slide and placed on the black
Millipore membrane. The volume of the circular piece of gel
was 588 pl.

2.4. Experiment

Before the start of the experiments, each membrane
(Sartorius and Millipore) was soaked in the deionized water
for 2 h. As described above, the gel loaded with yeast
extract was placed on the set of two membranes and then
transferred into the reactor. The upper face of the gel was
pressed against a quartz window. Time zero of experiments
is when injection of feeding solutions in the CSTR starts.

The residence time in the reactor was 26 min. The
following feeding solution was used (end concentrations in
the total input flow): ATP—0.6 mM, ADP—0.4 mM,
NAD—0.8 mM, MOPS—10 mM pH 6.5, MgCl,—3 mM,
Trehalose—50 mM, KH,PO,—50 mM pH 6.5, KCI—100
mM. Changes of this solution are indicated in the text. The
temperature in the reservoir of the reactor was kept constant
at 21 °C.

2.5. Optical set up

The spatio-temporal dynamics of glycolysis in the yeast
extract was monitored using the optical set up shown in Fig.
1. White light from a Xenon lamp (Laser 2000) was passed
through an UG-11 filter (broadband filter, centered around
340 nm). The resulting light beam was reflected via a
dichroic mirror (LINOS) to the yeast extract. Fluorescence
light of NADH in the gel (460 nm) passed through the
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Fig. 1. Schematic drawing of the optical set up for monitoring spatio-
temporal patterns of NADH. For experimental details see Materials and
methods.

dichroic mirror to an intensified camera, containing a
bialkali—-photocathode (Corail, Optronis-SG). In order to
reduce noise from reflecting light, a 440-nm-long pass filter
was placed directly in front of the camera objective. Digital
movies were stored on a video tape (SONY video recorder
EVT-801CE).

The temporal dynamics of the system was studied by
following the local changes of the NADH fluorescence in
the gel. For that, the grey levels of a selected small area
(50 x 50 pixels=1.07 mm x 1.07 mm) were averaged and
the arithmetic mean was then plotted as a function of time.

2.6. Measurement of glycolytic intermediates

Probes from the outlet of the reactor were collected at
different phases of the glycolytic oscillations. The concen-
trations of glycolytic intermediates were measured in these
probes by standard methods of enzymatic determination
[31].

3. Results
3.1. Test of membrane permeability

Membranes play a crucial role in these experiments. Not
only should they prevent flow of proteins out of the gel but
also provide sufficient diffusion of substances from the
reservoir of the reactor into the gel and back. In order to
check the relevant diffusion properties of the membranes,
we fed the reactor only with solutions of NADH in
phosphate buffer. In this case the agarose gel was prepared
only with water (no yeast extract). NADH is one of the main
intermediates of glycolysis, its molecular weight being in
the range of those of glycolytic intermediates, and it is easily
monitored by its intrinsic fluorescence. The diffusion
behaviour of NADH will therefore provide qualitative
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Fig. 2. Transport of NADH into the agarose gel (1.65%) through different
types of membranes. Firstly, the reactor was fed with 50 mM KH,PO,
buffer, pH 6.5, which was replaced after 15 min (=0 in the figure and
indicated with arrow) by a solution of 1 mM NADH in 50 mM KH,PO,,
pH 6.5. After 2 h the NADH solution was changed back to the buffer (arrow
head). (—) Sartorius membrane, (- - -) Anodisc membrane, (* ¢ * °)
Schleicher & Schuell membrane. For each time trace the highest
fluorescence value was taken as 100%.

information about the exchange of glycolytic intermediates
through the membrane. Fig. 2 shows the kinetics of the
NADH fluorescence increase in the gel when the reactor is
fed with NADH solutions. Removing NADH in the feeding
solutions results in a decrease of fluorescence in the gel,
demonstrating an efficient communication through the
membrane. This experiment was performed with 3 different
types of membranes: An Anodisc membrane (Type:
Anodisc 25, from Whatman company) with pore size of
20 nm, a nitrocellulose membrane with MW cut off 10 kDa
(Schleicher & Schuell), and a cellulose triacetate membrane
with MW cut off 10 kDa from Sartorius company.

The initial velocities of the NADH fluorescence change
obtained with these membranes are listed in Table 1 for
comparison. The results show that the Anodisc membrane
has by far the highest permeability. In control experiments,
this membrane has been proven to support the formation of
Turing patterns in the chemical CIMA reaction in this
reactor. However, the Anodisc membrane is not appropriate

Table 1
Initial velocities of NADH transport through different types of membranes

Vin (Y%/min) Vout (%/min)

Type of membrane

Sartorius membrane—10 kDa 1.6 £ 0.04 0.47£0.01
Sartorius +black membrane 1.16+0.2 0.8+0.17
Schleicher & Schuell—10 kDa 1.38+0.05 0.46 +0.007
Anodisc membrane 14.75 1.65

The data have been calculated from fluorescence measurements as shown in
Figs. 2 and 4. They are expressed in % of NADH fluorescence change per
minute. The maximal fluorescence change was taken as 100%. The mean of
3 different experiments together with the S.E.M. is shown, except for the
Anodisc membrane, where only 1 representative experiment is given. The
first column of the table shows the initial velocity of NADH diffusion into
the gel (V;,); the second column shows the initial velocity of NADH
disappearance out of the gel (Vo).
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for our experiments because the pore size is too large (larger
than the size of enzymes). Membranes from Sartorius or
Schleicher & Schuell company have smaller pore sizes (10
kDa) and are designed for the retention of proteins. The data
show that transports through the Sartorius membrane and
through the Schleicher & Schuell membrane are similar
(Fig. 2 and Table 1). However, both membranes exhibit an
undesirable background fluorescence which is larger for the
Schleicher & Schuell membrane than for the product from
Sartorius. Therefore, we have chosen Sartorius membranes
for our experiments.

3.2. Calibration of NADH fluorescence

Fig. 3 illustrates the calibration of the fluorescence
intensity of NADH. For this purpose, discs of agarose gel
containing different NADH concentrations were placed
either directly on the Sartorius membrane or on a set
consisting of the Sartorius membrane covered by a black
membrane (see Materials and methods for details). These
discs of gel were then placed into the reactor (without
solutions) and fluorescence of NADH was measured with
the optical set up shown in Fig. 1. As a control, NADH
solutions in quartz cuvettes were also measured with this set
up. When using only the Sartorius membrane as a support
for the gel we found a saturation of the fluorescence signal
for concentrations exceeding 0.5 mM NADH. We have
measured the autofluorescence of the Sartorius membrane
and found that it exhibits a high fluorescence at 460 nm
when excited at 340 nm. This may explain why the NADH
calibration curve comes into saturation when the Sartorius
membrane is used. When monitoring NADH solution in a
quartz cuvette (without membrane) we find a linear
relationship between NADH fluorescence and concentration
up to 1 mM. Covering the white Sartorius membrane with a
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Fig. 3. Fluorescence intensity as a function of NADH concentration. For
experimental procedure see text. NADH fluorescence was measured in an
agarose gel placed on the Sartorius membrane (M), or on the set made of
black and Sartorius membranes with the black membrane on top (@), or in a
quartz cuvette (A). The solid lines represent fits of the experimental data
with either a linear fit (circles and triangles) or a first-order exponential
decay function (squares).
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Fig. 4. Decrease of NADH transport velocity with the set of 2 membranes.
The time trace for NADH transport through the set of the Sartorius and
black membrane (- - -) and through the Sartorius membrane alone (—) is
shown. The left ordinate shows normalized NADH fluorescence and the
right ordinate the corresponding NADH concentration. The arrow indicates
replacement of the phosphate buffer with 1 mM NADH solution and the
arrow heads the return back to the buffer. Experimental procedure as
described for Fig. 2.

black Millipore membrane (pore size 0.8 um) eliminates the
background fluorescence from the Sartorius membrane and
yields similar results as with the cuvette (Fig. 3).

The permeability of the set of membranes is different
from that of the uncovered Sartorius membrane (Fig. 4 and
Table 1). When this set was used, the initial velocities of
NADH transport into the gel decreases by 28%, whereas the
initial velocity of NADH transport out of the gel was
increased by about 70%. This results in similar transport
velocities through the membrane set in both directions.

3.3. Glycolytic oscillations and effect of adenine nucleotides

The permanent supply of fresh reactants in the open
spatial reactor allows to maintain the system far away from
equilibrium and in a constant and well-defined state with
respect to a closed system. For inducing oscillatory
glycolysis we need to feed the yeast extract with the
substrate of glycolysis (sugar). Since there is also a
permanent diffusion of substances out of the gel, it is
required to feed all low molecular weight components,
which are necessary to maintain oscillatory glycolysis, as
for example, salts and buffer. In particular, adenine and
pyridine nucleotides have to be fed because they are tightly
connected to the glycolytic pathway but are not synthesized
during glycolysis.

Glycolytic oscillations in the open spatial reactor under
continuous feeding and stirring are displayed in Fig. 5. After
an initial adaptation time (not shown), we find oscillations
with a period of 5.5 min. Due to the openness of the reactor
oscillations should last as long as the reactor is fed with
substrates, however, they already damp out after about 2 h.
There are several possible reasons for this damping. For
example, 1) the pores of the membrane could be clogged, 2)
there might be a leak of an unknown metabolite, 3) some
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Fig. 5. Glycolytic oscillations of the yeast extract in the open spatial reactor.
The reactor was continuously fed with trehalose, non-recycling substrates,
salts and buffer (for recipe see Materials and methods). Stirring rate: 500
rpm, feeding rate: 6.6 ml/h. The rectangular boxes mark the time intervals
during which probes from the outlet of the reactor were taken for the
enzymatic analysis of glycolytic intermediates (cf. Fig. 6).

undetermined substances would additionally be required, 4)
the enzymes might be destroyed, and 5) the ratio of the
adenine nucleotides might be inappropriate to support
oscillations. Generally, the problem could originate either
in the composition of the feeding solution or in the yeast
extract kinetics/components.

In order to check metabolic changes associated with this
damping process, we have analysed the concentrations of
various glycolytic intermediates from the outlet of the
reactor. The results are shown in Fig. 6. The concentrations
of all species vary from the oscillatory to the damped
phase. Most pronounced are changes in the concentrations
of adenine nucleotides: ATP decreases 33 times and AMP
increases 7 times. These changes point out a strong
activation of the enzyme phosphofructokinase (PFK) at
the transition from the oscillatory to the damped phase.
The decrease of the concentration of ATP, the inhibitor
(and substrate) for this enzyme, and the concomitant
increase of the concentration of the activator (AMP)
results in a full opening of the PFK (no negative
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Fig. 6. Determination of glycolytic intermediates during the oscillatory and
the damped phases. The probes were taken at the time instants marked in
Fig. 5 as probes 1 (after 30 min) and 2 (after 2 h 30 min), respectively. For
experimental procedure see Materials and methods.

feedback), which is also confirmed by the 3.5-fold increase
in fructose-1,6-diphosphate (FDP) concentration in this
experiment.

We suggest that the supply of ATP (by the pump) was
smaller than the demand (activity of kinases), so that the
adenylate kinase (AK) converts most ADP into ATP and
AMP. Since ATP is further consumed we get a permanent
production of AMP (see Scheme 2). To decrease the
consumption of ATP by the PFK we added 4 mM FDP
to the feeding solution. As a result there is no more a
large increase of FDP in the eluate of the reactor (Fig.
7). However, we still find the strong decrease in ATP and
concomitant increase in AMP, indicating that the supply—
demand problem is still present. Therefore we tried to
reduce also the consumption of ATP by hexokinase (HK)
by adding the product of this enzyme, glucose-6-
phosphate (G-6-P), to the feeding solution. Additionally,
we increased the concentrations of adenine nucleotides
(increased supply) and KH,PO, (for reducing the ATPase
activity) in the feeding solution. When running the
reactor under these conditions, the analysis of the
glycolytic intermediates in the eluate demonstrates that
the ratio of the adenine nucleotides does not markedly
change during the first 4 h of feeding, indicating that the

ATP from AK
Demand
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) : . ATP
e O | AMP
ATP 5] ADP

—g +
[~
[
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Scheme 2. Model for the control of glycolytic oscillations in the open
spatial reactor, based on feedback regulation of the Phosphofructokinase.
For explanation see text.
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Fig. 7. Effect of fructose-1,6-diphosphate on the oscillatory transition. The
yeast extract was fed with the same solutions as for Fig. 5, except that 4
mM FDP was additionally included. The probes were taken during the
oscillatory phase (30 min after start of feeding) and after damping of the
oscillations (3 h 15 min after start of feeding). Other experimental
procedure as described in Materials and methods.

supply—demand problem is now solved (Fig. 8). This
increases the duration of the oscillatory phase, which is
now doubled. However, we still find damping, indicating
that additional, yet unknown factors are required to
support sustained oscillations. This can also be deduced
from measurements with a different preparation of yeast
extract. With this new preparation, we always get longer
lasting oscillations (Fig. 9), indicating that the molecular
composition of this extract is superior. In this case we
have an oscillatory phase of 6 h when feeding with a
recipe as described for the experiment shown in Fig. 6.
Oscillations are prolonged for more than 12 h (Fig. 10)
after increasing the metabolites concentration as described
for Fig. 8. When feeding was stopped, we observed a
transient increase and subsequent strong decrease of the
NADH fluorescence, demonstrating that the communica-
tion between the feeding chamber and the gel is still
working.

1,823

W Oscillatory phase (after 2 hour)
O Oscillatory phase (after 3 h 30 min)

Concentration (mM)

Fig. 8. Effect of increased supply of adenine nucleotides on the glycolytic
oscillations. The feeding solution contained (final concentrations in the total
input flow): ATP—0.84 mM, ADP—0.66 mM, FDP—1 mM, G-6-P—I1
mM, MgCl, - 6H,0—3.5 mM, NAD—0.8 mM, KH,PO,—100 mM pH 6.5,
KCI—100 mM, Trehalose—50 mM. Note, that the FDP concentration was
reduced from 4 mM to 1 mM. For comparison with the results shown in Fig.
7, the probes were taken 30 min and 3 h 30 min after start of feeding (both in
the oscillatory phase). For experimental details see Materials and methods.

200
180 [
160 [ LA

140 |-

Intensity (grey level)

120

=

hLY

0 100 200 300 400 500 600
Time (min)

Fig. 9. Effect of preparation of yeast extract on duration of glycolytic
oscillations. For this experiment a new preparation of yeast extract was used
(preparation 5). All other experimental conditions were the same as
described for Fig. 5.

3.4. Spatio-temporal patterns

When there is the coupling between an autocatalytic
reaction and transport, oscillatory glycolysis is associated
with the generation of reaction—diffusion waves. This has
been shown by theoretical analysis [32] and later confirmed
by experimental results [17,18]. The open spatial reactor has
a diffusive layer (gel-fixed yeast extract) supporting the
coupling of reaction and diffusion, which is a sufficient
condition for the formation of spatio-temporal patterns. In
fact we could frequently observe the formation of reaction—
diffusion waves.

Fig. 11 displays the results of travelling NADH waves, as
observed in the experiment shown in Fig. 10. After an initial
time period of about 20 min, NADH waves were sponta-
neously generated. They propagate from the border of the
gel to the center. The velocity of the waves has been
calculated at different time points of the experiment (Fig.
12) using a time—space plot (an example of such a time-
space plot is shown in Fig. 13). The velocity for each wave
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Fig. 10. Sustained glycolytic oscillations in the open spatial reactor. The
experiment was performed with preparation 5. All other experimental
conditions were as described for Fig. 8 (increased concentrations of ATP,
ADP). Stop of feeding at 610 min is indicated by an arrow.
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Fig. 11. Spontaneous generation of circular NADH waves in the open
spatial reactor. The temporal behaviour of the yeast extract is shown in Fig.
10. The spatial distribution of NADH in the gel was monitored with a
camera (see Materials and methods). After an induction time circular
NADH waves propagate from the border of the gel to the centre. Time
interval between successive images is indicated. Scale bar: 5 mm.
Wavelength is about 6 mm, diameter of the waves is about 4.5 mm. The
bright regions correspond to increased concentrations of NADH.

is constant, but for subsequent following waves there is a
fast decrease of the velocity during the first 3 h until it
approaches a constant value of about 7 um/s. The kinetics of
this decrease can be fitted with a first order exponential
decay function, indicating that a diffusion equilibrium
between the gel and CSTR takes place. The fact that after
an initial adaptation time a constant velocity is observable
for several hours demonstrates that a true open state can be
achieved. For comparison with a closed system, the velocity
of subsequent waves in a batch experiment is shown in Fig.
14 (for experimental procedure see [17]). Here, we find a
decrease of the wave velocity for every subsequent wave. In
the same way, after feeding was stopped, a decrease of the
wave velocity in the open reactor from about 7 um/s to 5
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Fig. 12. Constant wave velocity after an initial adaptation time. The squares
represent experimental data, the full line is a first-order exponential decay
fit of these data. The decreased velocity at 720 min results from stop of
feeding after 610 min.
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Fig. 13. Time-space plot of propagating NADH waves. The plot was
constructed from a movie taken for the experiment shown in Fig. 10 as
follows: the intensity profile along a horizontal line was plotted for all
images between 173 min and 290 min as a function of space (X-axis) and
time ( Y-axis). The slope of the lines is a measure of the wave velocity.

um/s (Fig. 12) was observed, indicating that the system is
now no longer in an open state.

4. Discussion

We have designed an open spatial reactor for inves-
tigation of glycolytic reaction—diffusion waves in a layer of
yeast extract under well-defined and constant conditions. In
this reactor reaction—diffusion coupling is achieved by
fixation of the yeast extract with agarose gel. Openness of
the system is maintained by constant feeding of this gel with
substrates. When feeding the yeast extract with sugar we can
observe glycolytic oscillations for more than 12 h. There is
an induction time, during which obviously an equilibration
between the gel and the feeding solution takes place,
because their metabolic/ionic composition is different. This

—_

n

(5]
1

100+

HH
o

3]
o
1

L

n
18]
1

Wave velocity (% of maximum)
|

o

1 ’ 2 ' 3
Number of waves

Fig. 14. Decrease of the velocity of subsequent following NADH waves in
a yeast extract under batch conditions. Glycolytic waves (1-3) have been
measured as described in [17]. The velocity is expressed as % of maximum,
where the velocity of the first wave is taken as the maximum. The results
represent the mean of 3 different experiments. The standard deviation of
these results is shown as error bars.
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adaptation process is reflected by the exponential decrease
of the wave velocity (which becomes constant after 3 h) and
the decrease of the NADH amplitude, which reaches a
constant value after 2 h.

We used the disaccharide trehalose for feeding of the
yeast extract. This sugar is split into 2 units of glucose by
the enzyme trehalase. Since this enzyme works at low
activity in the yeast extract (30 nmol/mg protein X min,
[33]), there is a slow and constant input of glucose into
glycolysis. This means, that the trehalose concentration can
reach quite high concentrations throughout the gel and then
can act as a “substrate buffer” for glycolysis. We assume that
the rate of consumption of the trehalose (the input species
into the gel) is small in regard to their total amount. This
may explain, why oscillations with a period of about 5 min
can be observed, although the typical diffusion time
perpendicular through the gel is estimated to be 28 min
for the 1.3 mm thick gel.

An important prerequisite for the maintenance of con-
stant glycolytic oscillations is a proper balance between the
ATP-consuming and ATP-providing processes as has been
already reported for oscillatory glycolysis under batch
conditions [34]. If this balance is perturbed, the glycolytic
oscillations damp out (see Figs. 6 and 9). Our explanation
for this damping is based on the feedback regulation of PFK
by ATP (inhibitor) and ADP, AMP (activators) [35] (see
Scheme 2).

When the ATP concentration in the feeding solution is
too low, all ATP is consumed in the upper part of glycolysis
by HK and PFK for phosphorylation of glucose. This occurs
during the transition from the oscillatory to the damped state
(see Figs. 6 and 7). As a result, feedback inhibition of PFK
by ATP is no longer possible. On the other hand, the
increasing concentration of ADP results in activation of the
PFK. This increased kinase activity even enlarges the
consumption of ATP, so that the demand for ATP for
phosphorylation of glucose overcomes the supply of ATP.
The exponential increase in ADP leads to a shift of the
equilibrium of the AK to the formation of AMP and ATP.
Due to the imbalance between supply and demand, the ATP
produced from the AK reaction is immediately consumed by
the kinases, which results in the accumulation of AMP (see
Figs. 6 and 7 and Scheme 2).

Under these ATP-limiting conditions, the PFK is fully
activated (high concentration of AMP), whereas a
negative feedback is no longer possible (too low ATP
concentration). Accordingly, the nonlinearity of the PFK
reaction is prevented, abolishing the oscillations. This
leads to an increased PFK-mediated flux as demonstrated
by the rise of the FDP concentration in the non-oscillatory
state (Figs. 6 and 7).

A substantial effect of the ATP/ADP ratio on the
glycolytic flux has been also observed in living cells.
Koebmann et al. [36] report that an increased expression of
ATPase in Escherichia coli cells markedly decreases the
ATP/ADP ratio, which leads to a marked increase of the

glycolytic flux. Such a condition is similar with the situation
of our system in the damped phase, where the ATP/ADP
ratio is getting low (Figs. 6 and 7). Similarly, Kroukamp et
al. [37] found an increase of the flux through glycolysis
when the ATPase activity of yeast cells was increased by
addition of uncouplers, resulting in a decrease of the ATP/
ADP ratio.

The results of theoretical metabolic-control analysis,
performed by Thomas and Fell [38] to study the role of
the ATP demand for control of the glycolytic flux, showed
that its control depends primarily on the activation of PFK
by AMP and on ADP inhibition of ATPase. These results
support our view that control of PFK diminishes rapidly as
AMP concentration increases.

Larsson et al. [39] used permeablized yeast cells to study
the control of the glycolytic flux. By this method they were
able to adjust the concentrations of the adenine nucleotides
as well as other glycolytic intermediates within the cells.
They found that the ATP/AMP ratio strongly depends on the
initial concentration of ATP and glucose. Similar to our
findings, low initial ATP concentrations were completely
converted to AMP, whereas at higher ATP levels the ATP
consumption was reduced and the AMP production was
negligible. This was accompanied by a complete suppres-
sion of FDP formation and accumulation of G-6-P and F-6-
P at high ATP concentrations. Larsson et al. explained this
behaviour by a control of the glycolytic pathway through
feedback inhibition of PFK by ATP. At low ATP concen-
trations an increased demand/reduced supply for ATP
decreases the glucose consumption.

Hess et al. [34] have measured the ratios ATP/AMP and
ATP/ADP during glycolytic oscillations in a yeast extract.
They found that for the oscillatory state the ATP/AMP ratio
lies between 2.47 and 2.6 and the ATP/ADP ratio between
1.5 and 2.5. Our measured value for the ATP/ADP ratio in
the oscillatory ranges is 1.1 and is similar to the data from
Hess et al. However, our results for the ATP/AMP ratio in
the oscillatory phase are higher by a factor of 2. After the
transition from the oscillatory to the damped state both
ratios strongly decrease, reaching ATP/ADP=0.05 and ATP/
AMP=0.016, respectively. These ratios are far away from
the oscillatory domain as reported by Hess et al.

Schellenberger et al. [40] used an open reconstituted
enzyme system consisting of PFK (ATP-consuming) and
pyruvate kinase (ATP-producing) as well as glucose-6-
phosphate isomerase and AK. They found different sta-
tionary states for this system with respect to the concen-
trations of intermediates, depending on the activity of PFK
and PK. A transition between ATP-producing and ATP-
consuming stationary states could be explained by the
allosteric properties of PFK. A self-stabilisation of the
energy charge could be achieved by increasing the activity
of the PK [41].

All these data demonstrate that the flow through
glycolysis strongly depends on the ATP and AMP concen-
trations. To our opinion the mechanisms that realize this
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control are located in the allosteric feedback control of PFK.
A negative feedback is required in order to reduce the flow
through this enzyme. This ensures that the activity of the
kinase is small enough in order to maintain a “reasonable”
energy charge. If the ATP concentration falls below a critical
value, the missing negative feedback as well as the strong
positive feedback by AK-generated AMP leads to a full
opening of the PFK. This in turn leads to a nearly complete
break down of ATP, such that ATP becomes limiting for
phosphorylation of glucose, i.e. the ATP-demand overcomes
the ATP-supply. Our results also demonstrate, that oscil-
lations of the glycolytic pathway can only occur, when the
ATP concentration is large enough to permit negative
feedback of PFK.

Other groups have obtained similar experimental results
but based on theorectical analysis, came to different
interpretations [42-45]. Calculation of the control coeffi-
cients yielded a strong control of glucose transport and
ATPase activity over the glycolytic pathway, whereas PFK
was nearly ineffective. To our opinion, this interpretation is
not complete. Since both, glucose transport and ATPase
activity, lead to a marked decrease of ATP, the allosteric
properties of PFK cannot be neglected for control of
glycolysis.

The transition from the oscillatory to the damped state in
the open spatial reactor (see Fig. 5) is associated with a loss
of negative feedback of PFK (see Figs. 6 and 7). We tried to
restore this negative feedback by increasing the ATP
concentration in the feeding solution, as well as by reducing
the kinase activities by increasing the supply of products
(glucose-6-phosphate and fructose-1,6-diphosphate). In fact,
this intervention did lead to the predicted prolongation of
the glycolytic oscillations (Fig. 10). This is also verified by
the fact that the energy charge remains nearly constant under
these conditions (cf. Fig. 8). This result also points out the
importance of negative feedback regulation of PFK for the
generation of glycolytic oscillations. Moreover, it demon-
strates that the open spatial reactor is a powerful tool for the
external control of biochemical systems.

A characteristic property of oscillatory systems is the
formation of spatio-temporal patterns due to the coupling of
an autocatalytic reaction with diffusion. The gel-fixed yeast
extract represents a diffusive layer that enables reaction—
diffusion coupling. Accordingly, we find the generation of
travelling NADH-waves in this gel, associated with the
appearance of glycolytic oscillations. These waves initially
start to propagate from the border of the gel to the middle
where they exhibit mutual annihilation (Fig. 11). Since there
are no-flux-boundary conditions in the x—y plane of the gel,
we suggest that the formations of local gradients at this site
are the causes for generation of the waves. The waves
appeared about 20 min after the feeding of yeast extract with
substrates was started and exhibited an exponential decrease
of the wave velocity during the next 2 h. Break up of the
waves and subsequent formation of rotating spirals can be
repeatedly observed (Fig. 15). Presumably, local perturba-

Fig. 15. Formation of rotating NADH-spirals. In this experiment the
circular waves are generated in the center of the gel and are moved to the
borders. Thirty minutes after start of the experiment these waves break up
and form rotating double armed spirals (see arrows in image 100 s).
Concomitantly, the wave back becomes destabilized and splits into small
wave fragments (see arrow heads in image 200 s). Time interval between
successive images is indicated. Scale bar: 5 mm. The bright regions
correspond to increased concentrations of NADH.

tions in the diffusion of substrates/products induce the break
up of the waves. The mechanism of wave initiation and
propagation is not yet clear: whether the waves represent
phase waves or reaction—diffusion waves remains to be
clarified in future studies.
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