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ABSTRACT In yeasts, the glycolysis may display oscillations of its metabolites while it is converting glucose. The dynamics of the
oscillations has been investigated in cytoplasmic extracts of yeast under relaxation type conditions by determining the time course
of some of the glycolytic metabolites. The compounds of the nucleotide pool have been identified as fast variables and the giucose
derivatives as slow variables of the relaxation type. The period of oscillation has been subdivided into four phases which represent
prominent parts of the limit cycle in the phase plane of a slow versus a fast variable. From the reaction processes in these phases, a
dynamical picture of the mechanisms of oscillations is suggested. Accordingly, the oscillation results from an alternating activity of
the fructose bisphosphate and the polysaccharide synthesis, both of which are coupled to glycolysis via the nucleotide pool. The

processes in the phases are analyzed by calculating the rates of the reaction steps in the biochemical pathway.

INTRODUCTION

In the glycolytic pathway, the concentrations of its
metabolites may oscillate in time. This has been demon-
strated in a single yeast cell (1), in suspensions of yeast
(2), in tumor cells (3), in unicellular algae (4), in intact
organs, e.g. the heart (5), as well as in cell-free extracts
of yeast (6), of beef heart (7), of rat sceletal muscle (8),
and of insects (9). The literature on such temporal
oscillations has already been reviewed (10, 11).

The temporal oscillation in cells or tissues is most
often sinusoidal. However, in cell-free extracts, the trace
may markedly deviate from a sinusoidal course by
displaying spike, rectangular, or saw tooth forms (12, 13).
Phase plane diagrams of oscillations disclose some of the
internal structures of the reaction systems. In such
diagrams, the system path is plotted as a function of two
or more of the reactant concentrations. If the oscillation
is represented by concentrations of intermediates, it may

Address correspondence to Dr. Busse, Biochemisches Institut in der
Medizinischen Fakultit, Dept. Prof. Dr. B. Havsteen, Olshausenstr.
40 N11, D-2300 Kiel, Germany.

Abbreviations used in this paper: ACA, acetaldehyde; AK, adenylate
kinase, myokinase (EC. 2.7.4.3); DHAP, dihydroxyacetone phosphate;
FoP, fructose 6-phosphate (Fru-6-P); FBP, fructose 1,6-bisphosphate
(Fru-1,6-P,); GI1P, glucose 1-phosphate (Glc-1-P); G6P, glucose 6-
phosphate (Glc-6-P); GAP, glyceraldehyde 3-phosphate; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase (EC. 1.2.1.12); HEX,
hexokinase (EC. 2.7.1.1); PEP, phosphoenolpyruvate; PFK, phosphof-
ructokinase (EC. 2.7.1.11); DPG;1,3PG, 1,3-bisphosphoglycerate; 2PG,
2-phosphoglycerate; 3PG, 3-phosphoglycerate; PGI, phosphoglucose
isomerase (EC. 5.3.1.9); PGK, 3-phosphoglycerate kinase (EC. 2.7.2.3);
PGM, phosphogluco mutase (EC. 2.7.5.1); PK, pyruvate kinase (EC.
2.7.1.40); PYR, pyruvate; SYN, polysaccharide synthase; UK, uridy-
late kinase (UMP kinase); 3., sum of.

appear as a nonintersecting closed line because after
one period of the oscillation the concentrations recur. In
the case of a purely sinusoidal trace in time, circles or
ellipses (14) arise. The closed line is known as a limit
cycle. Under specific conditions, the limit cycle may
deform to display a triangle or a rectangle with smooth
edges (15). On the sides of such polyeders, usually one
or a few reaction steps in the underlying reaction system
dominate the kinetics. Oscillations of the relaxation type
belong to this class of limit cycles (16). They are
characterized by two kinds of variables, one of which
displays fast changes in time and ideally shows a rectan-
gular shape. The other variable changes slowly and has
in the ideal case a saw tooth shape. This property allows
the division of a period of oscillation into phases from
which the dynamics of reaction within a period may be
interpreted as in this paper. A model has been devised
which within the experimental errors satisfies this pur-
pose. For the observations, the experimental conditions
for glycolysis in yeast extracts have been modified to
favor oscillations of the relaxation type (17). A limit
cycle is obtained from the oscillatory time course of the
concentrations of metabolites and possible dynamics in
the oscillatory state are discussed. Polysaccharide synthe-
sis as a sink for ATP agrees with the experimental data.

The proteins cyclin (18) and maturation promoting
factor (19) also display an oscillatory course of the
relaxation type which suggests similarities in the underly-
ing dynamics of the glycolysis and of the cell cycle.
Moreover, similarities in the generation of spatial struc-
tures may be expected (20). Recently, models on energy
transduction, signal transmission (21, 22), and ion pumps
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(23) have been discussed in the context of oscillation and
glycolysis (24).

MATERIALS AND METHODS
Reagents

Enzymes, substrates, cosubstrates, and metabolites were obtained
from Boehringer (Mannheim, FRG) if not stated otherwise. Other
chemicals were purchased from Merck (Darmstadt, FRG). All re-
agents were of high grade quality.

Enzymatic determinations of
metabolites

The concentrations of AMP, ADP, and pyruvate (25); ATP (26);
DHA, GAP, FBP, and 3-PG (27, 28); F6P and G6P (29, 30); and
glucose (29) were determined by enzymatic methods (for minor
modifications: see reference 31) in the supernatant of HCIO,-
precipitated samples of yeast extract. NAD(H) and NADP(H) were
measured in the undiluted yeast extract (32). A photometer (model
181; Hitachi Ltd., Tokyo) was used in the optical tests.

Other determinations

The total concentration of proteins in the extract was determined by
the method of Biuret (33). The pH value of the extract was measured
with a potentiometric electrode (Radiometer, Copenhagen). The
optical density of the culture against its medium was determined in a
cuvette with an optical path of 10 mm at 640 nm in a photometer
(model 181; Hitachi Ltd.). The dry weight of the culture suspension
was estimated by weighing on filter plates (type: Selectron BA 83, ¢: 50
mm; pore size: 0,2 wm; Schleicher & Schiill, Dassel, FRG) (34).

Preparation of cytoplasmic yeast
extracts

Yeast extracts of Saccharomyces cerevisiae ATCC 9080 were prepared
as published elsewhere (35). Cultures, of which extracts displayed
spontaneous oscillations (36), were harvested in the early stationary
phase (37) (arrow in Fig. 1 at 16-18 h when glucose was depleted).

Detection of oscillations in extracts

Oscillations of the NADH concentration in yeast extracts were
recorded as the absorbance difference at 340 nm (NADH absorption,
maximum) and 400 nm (time invariant reference) (38) in a dual
wavelength photometer (model DW 2 Aminco; American Instrument
Co., Silver Spring, MD).

The glycolytic oscillation was induced by the addition of trehalose to
136-150 mM (Sigma Chemical Co., St. Louis, MO) in a 1-ml aliquot of
yeast extract (35). Only extracts, of which the aliquot displayed at least
five oscillatory cycles, were kept for further studies.

Samples of extract supplemented
with trehalose
Ten ml of yeast extract (protein content: 56 mg/ml) were kept outside

the photometer in a glass vessel (volume: 12 ml) at 25°C. The yeast
extract from the vial was circulated (3060 ml/min) by a peristaltic

00, 4ow C  Igk)
[mg/ml]

o
k4
s

(mM] (EtQH)

I 300

[ 200

100

harvested

t(h]

FIGURE 1 Diauxic growth curve of Saccharomyces cerevisiae (ATCC
9080). Initial medium: 9.375 g (NH,), SO,, 2.750 g KH,PO,, 2.125 g
KCl, 0.625 g MgSO, x 7H,0, 0.625 g CaCl, x 6H,0, 12.5 mg FeCl, x
6H,0, 14 mg MnSO, x H,0, 25 g casein hydrolysat, 0.9 g L-tryptophan,
10 g yeast extract (Difco, Detroit, MI), 30 mg ergosterol (Fluka Chem.
Corp., Buchs, CH) in 3 ml ethanole, 250 g glucose, 1.25 mg pyridox-
amine x HCI, 1.25 mg thiamine X HCI, 0.125 mg b-(+)-biotin, 17.5 mg
calcium D(+)pantothenate, 50 mg meso-inositol, 250 ml 0.3 M K-cit-
rate buffer (pH 5.0) supplemented with deionized water to 5 1 (24).
(- - B -) glucose in millimolar; (- A - A -) EtOH in millimolar;
(- ® - @ -) optical density (O.D.) at 640 nm with 1 cm light path;
(- O -0 -) dry weight (D.W.) in milligrams per milliliter culture
medium. At time zero, the culture batch was inoculated with 50 ml of a
culture grown overnight.

pump (type 113.50; Heidolph Elektro KG, Schwabach, Germany)
through a flow cuvette (light path: 3 mm) in the photometer (model
DW 2; Aminco). The volume of the silicone tubes and the cuvette was
1.5 ml. The oscillations were induced by the addition of trehalose to
136 mM to the extract and recorded as described above. Samples of 0.2
ml were taken from the glass vessel at defined times with a micropi-
pette (Eppendorf B 315A, 200 ul, Netheler + Hinz GmbH, Hamburg,
FRG). The samples were injected into 800 ul of 6% (vol/vol) HCIO,
(30), mixed, and centrifuged at maximal speed (centrifuge; Eppendorf,
Hamburg, Germany) to remove the precipitated proteins and stored at
—20°C (31).

Sampling of extract supplied
continuously with glucose

Eight m! of extract (protein content: 36 mg/ml) was thermostated at
25°Cin a titration vessel (type: V516; Radiometer, Copenhagen). The
lower conical part of the vessel (diam: ~ 10 mm), which contained the
extract, was positioned in the light path of the photometer (mode! DW
2; Aminco). Since the lid of the cuvette chamber was dismantled, the
photomultiplier had to be protected against the red light (type: 4563;
Osram, Miinchen, FRG) in the laboratory by a sandwich of two blue
glass filters (type: BG13; Schott, Mainz, FRG). During the recording
of the absorption difference at 370 and 420 nm (reference), the extract
was stirred by a magnetic stirrer (model MS-16B; Toyo) using a
magnetic ring (Radiometer, Copenhagen).

The oscillations were induced and sustained by continuous feeding
of the extract with ~50 pmol glucose/ml extract/h (or 0.83 pmol/ml/
min) (39) from a stock solution of 3 M glucose in 0.1 M potassium
phosphate buffer (pH 6.5) by an autoburette (model: ABU12; volume:
250 pl; Radiometer). On the outlet tube of the burette, a precision
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syringe (volume: 10 pl; Hamilton, Bonaduz, CH) was mounted, the
needle of which was submerged in the extract. A constant rate of
feeding was obtained by correction of the glucose input by a computer
(model: Micro 16; Digico, Hertfordshire, England) for the loss of
volume after a sample had been removed. The samples were removed
as described for the trehalose supplemented extracts (31).

Extents of reactions

The concentration C, of the substance i in a chemical reaction system is
related to the extent § of the reaction j by

C-Ci= my.c;, 4]

where C? is the reference concentration for § = 0. m is the matrix of
the stoichiometric coefficients of the reactions. The linear equation
system to determine the §

my; - mg; = my (Cc1-C)

is obtained by minimizing the sum of squares (40) of the deviation of
each equation in the system (1) from zero by a given set of §. (If an
index appears twice in a term of the above equations, then the sum has
to be taken over the index.) The equation system still gives a result for
the § if some concentrations C; are considered to be insignificant (i.e.,
some rows of m, are deleted). The computation was performed on a
Digital Equipment Corp. (Maynard, MA) PDP 10 with the program
system MLAB (41).

RESULTS
Trehalose-induced oscillations

Glycolysis in an extract of yeast was induced by the
addition of 136 mM trehalose to determine which of the
reactions of the glycolytic pathway run under the oscilla-
tory conditions close to their chemical equilibrium. This
approach was chosen because it is less laborious than the
glucose injection technique (see Methods). Moreover,
many periods without significant changes in shape or
damping of the amplitude are obtained. This is true
before, and even after, samples have been withdrawn
(see Fig. 2). The time course of the components of the
adenine nucleotide pool: AMP, ADP, and ATP within
the sampling range is plotted in Fig. 3 ¢. The sum, X, of
the adenine nucleotides remains constant within the
sampling range. The concentration of ADP changes
surprisingly to only slightly higher values in the narrow
time range, in which AMP and ATP are interconverted.
The values of the nucleotide concentrations scaled to
their constant sum % = [AMP] + [ADP] + [ATP] are
read for the samples in the phase plane diagram
(Fig. 3 d). Because the myokinase (AK) catalyzed reac-
tion, due to the high enzymatic activity, remains close to
its equilibrium, the mass action law K, = [ADP]//[AMP)/
[ATP] may be assumed to be valid. If the mass action law
and the sum, 2, are valid for the adenine nucleotide
concentrations, then their concentrations should form

NADH

400 340 - 400

10 t [min]

FIGURE2 NADH-oscillation of an undiluted yeast extract (protein:
56 mg/ml) supplemented with trehalose (136 mM). Recorded is the
optical density difference AOD between 340 nm and 400 nm as a
function of time at 25°C in a flow through cuvette of 3 mm light path.
The time range is marked by hatched lines during which 24 samples of
200 pl were withdrawn for further analysis (see Fig. 3). Initial volume
of extract in the device: 10 ml. The lower train continues the upper
one.

sectors of ellipses in the phase plane as it is seen in
Fig. 3d (42). The concentration of ADP reaches its
maximal value when [AMP] = [ATP] (42). In the
transition ranges (Fig. 3 ¢), the occurrence of the max-
ima in the concentration of ADP may be explained with
the aid of Fig. 3d since when the equilibrium line is
followed, e.g., from the low to the high ATP levels, a
maximal concentration value for ADP is passed. This
supports the assumption that the adenine nucleotide
system is operating close to its equilibrium. The time
course of [NADH], [F6P], and [G6P] are shown in
Figs. 3, a and b for comparison.

The phase plane representation of [F6P] vs. [G6P]
(Fig. 4 a) is a typical example of a reaction operating
close to its chemical equilibrium: [F6P)/[G6P] = 0.28.
The plot of [FBP] vs. [G6P] shows an example of a
reaction operating far from equilibrium (Fig. 4 b, phos-
phofructokinase catalyzed reaction), in which case the
curve connecting the points does not point toward the
origin. This shows that [G6P] and [FBP] are 180° out of
phase. Phase plane plots for the reactions of FBP-
aldolase and triosephosphate isomerase indicate that
they catalyze reactions close to their chemical equilib-
rium.

Experiments were carried out to optimize the condi-
tions for relaxation type oscillations in extracts supple-
mented with trehalose. Extracts diluted by a factor
greater than 2 with buffer approximated better to the
relaxation shape (35). However, the time needed to
complete one period also increased. Extracts, in which
the glucose supply from trehalose was replaced by an
equivalent glucose injection, showed also oscillations of
the relaxation type on dilution.
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FIGURE3 Course of concentration of metabolites of glycolysis during
a period. () The record of the optical density of NADH is part of the
NADH trace of Fig. 2. The time interval displayed is marked in Fig. 2.
(b) Time course of the concentration of the intermediates -A-A-FBP,
-O-0O-G6P, and -[J-00-F6P. (¢) Time course of the concentrations of
the adenosine nucleotides -[(J-0J-AMP; -O-O-ADP; -A-A-ATP; and
their sum -V-V-3 = [AMP] + [ADP] + [ATP). (d) Phase plane of the
adenine nucleotide pool. The nucleotide concentrations are normal-
ized to their constant sum X = [AMP] + [ADP] + [ATP). The
estimated arcs of ellipses are drawn with dashed lines. The thin line at
45° is an axis of symmetry. The dotted lines mark the maximal
concentration of ADP, at which the concentration of ATP and AMP
are equal.

Oscillations of relaxation type
induced by continuous injection of
glucose

In Fig. 5b, [G6P] and [FBP] demonstrate the typical
slow variation of an oscillation of relaxation type. During
a phase (I or III) of the period, they steadily increase or
decrease to a definite level and then suddenly they enter
a second phase in which they decrease or increase
continuously to a certain level. The [NADH], [AMP],
and [ATP] display the typical shape of fast variables

which is characterized by four phases, i.e., a high and low
level phase (I and III in Fig. 5), in which the system stays
most of the time, and a steplike switch upward or
downward (II and IV in Fig. 5) between the two levels.
The instants, at which the switching occurs, coincide
with those at which the slow variables change their
slope.

In general, the time courses of the metabolite concen-
trations display a pattern similar to the one observed
during the trehalose-induced oscillations in Fig. 3. How-
ever, they may differ in the levels of FBP and DHAP at
the end of a period which might not return to their initial
values (see Fig. 5 b). Under such conditions FBP and its
triose phosphates may accumulate during each cycle and
the oscillation is observed to stop after a few cycles. The
glucose concentration (Fig. 5 b) is determined to ~0.25
pmol/ml during the phase of low ATP concentration but
otherwise drops below 0.05 wmol/ml. The sensitivity of
the determination is +0.05 pmol/ml. However, the
values of 0.25 pmol/ml may be too high, because high
concentrations of some of its derivatives may interfere.
Because glucose is not accumulated within a period, the
amount of added glucose must be metabolized. In
contrast to the pattern in Fig. 3 ¢, neither [ATP] nor
[AMP] approach in the experiment of Fig. 5 b values
close to zero in the slowly varying phase (I), whereas the
[ADP] remains nearly constant. In phase II (fast NADH-
rise), ATP (0.75), AMP (0.75), G6P (1.3), FoP (0.35),
FBP (1.6), DHAP (0.25) change their concentrations
(difference given in parentheses in micromoles per
milliliter) within a brief time span. The sum of the
changes in concentration of G6P and F6P (1.65 pmol/
ml) is within the expected experimental error equal to
the sum of those of FBP and half of the DHAP (1.7
pmol/ml). GAP values may be neglected compared with
the high DHAP values. In the phase IV (fast NADH
decline), the change in the concentration of FBP is ~ 0.5
pmol/ml, whereas neither G6P nor F6P change their
concentrations significantly. The rate of increase of G6P
and F6P is 0.37 pmol/ml/min and 0.09 pmol/ml/min,
respectively, in the slowly varying phase 1. Their sum,
0.46 pmol/ml/min, is approximately half of the injection
rate 0.83 pmol/ml/min. In the other slow varying phase
III, the decrease of G6P is 0.6 pmol/ml/min. The values
for FBP in the two phases (I and III) are —0.24
pmol/ml/min and 0.72 pmol/ml/min, respectively, and
for DHAP —0.07 and 0.4 pmol/ml/min, respectively.

The phase plane, in which ATP is plotted against
NADH (see Fig. 5c¢), displays a curved relationship
between these variables indicating that ATP and NADH
are quite strongly coupled and that both are variables of
the fast type.

The rate of glucose input was optimized, beginning
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FIGURE 4 (a) Phase plane of [F6P] vs. [G6P]. The slope of the line is the equilibrium constant for the isomerization of F6P and G6P; K., = 0.28.
(b) Phase plane of [FBP] vs. [G6P]. The slope of the line is —1.35. It does not represent an equilibrium constant. Dashed straight lines are drawn to

visualize the relationship.

from literature values (39) to gain as many cycles as
possible without loss of the relaxation type of the trace.
It was noticed that an increase in the rate of stirring
decreases the number of cycles in the oscillatory train.
However, stirring was necessary since a spatial distribu-
tion of glucose could lead to inhomogeneities in the
metabolite concentrations (20). Whereas in the experi-
ment of Fig. 2 the rate of glucose supply from trehalose
is fixed but unknown, in this experiment the glucose
input can be varied in a controlled fashion.

Extent of reactions

The extents of reactions may be obtained from the given
concentrations of metabolites by the method outlined
(see Methods). Assuming that glucose is converted in
the glycolytic pathway to ethanol and CO,, and that the
generated ATP is consumed by formation of a polysac-
charide (43-45) (as in the case of the synthesis of
glycogen), the computation defines classes of reactions,
which move simultaneously. In the lower part of the
pathway from glyceraldehyde 3-phosphate to ethanol,
all reactions convert the metabolites at nearly the same
rate. Hence, the progress of one reaction may be
regarded as a representative of its class. In this case, the
reaction catalyzed by pyruvate kinase was selected since
in the literature it has been considered as a regulating
enzyme (10). The simultaneous reaction progress origi-
nates from the conservation of NAD in the NADH/
NAD loop which forces the amount of substrate enter-
ing the loop via the glyceraldehyde 3-phosphate
dehydrogenase reaction to leave it simultaneously via
the alcohol dehydrogenase reaction.

Moreover, within a pool of reactions which run close

to their equilibria, the extents of reactions are related.
The metabolization through such a pathway is mainly
characterized by the reactions which regulate the flow
between the pools of equilibrated reactions. In the
tentative scheme of Fig. 6, these reactions are: (a) the
polysaccharide synthetase reaction, (b) the phosphofruc-
tokinase reaction, (c) the pyruvate kinase reaction for
the lower part of the pathway, and (d) the reaction
simulating the glucose injection. The time courses of
these extents of reaction differ significantly (see Fig. 7).
Whereas the phosphofructokinase reaction only seems
to be activated in phase III (high [NADH]), the pyruvate
kinase reaction is always active but especially so in phase
IIT (high [NADH]) (44). The opposite seems to be true
for the polysaccharide synthetase reaction. After one
period from ¢ = 0 to t = 11 min (Fig. 7), the pyruvate
kinase catalyzed reaction has advanced to the same
extent as the glucose injection, i.e., 50% of the glucose
injected have been converted to ethanol and CO, (44),
the other 50% are incorporated either into the polysac-
charide (30%) or FBP (70%) because FBP is accumu-
lated in this experiment. The sum of the extents of
reaction of the synthetase reaction and the phosphofruc-
tokinase reaction equals the extent of the glucose
injection because glucose should have been converted by
either one or both enzymes.

Phase plane of the limit cycle

A graph of a slow versus a fast variable of a relaxation
oscillation yields a closed curve, the limit cycle, because
after the elapse of a certain period, both of the variables
resume their initial values. A plot of [G6P] as a slow
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variable against [ATP] as a fast variable would disclose
the limit cycle for the glycolytic pathway (see Fig. 8).
The four phases of the fast variable are seen more
clearly on the limit cycle. They can be identified by
marking the two points at which the tangent of the limit
cycle is horizontal and the two points at which it is

FIGURES (a) Time course of an oscillation of the relaxation type.
The optical density difference of NADH was recorded in a dual-
wavelength mode at 370 and 420 nm as reference. The cytoplasmic
extract was diluted by a factor 2 by phosphate buffer (0.1 M; pH = 6.5)
to yield a protein concentration of 36 mg/ml. Glucose was fed at a rate
of ~50 wmol/mi/h. The time range in which the 18 samples were taken
is marked by the outer vertical dashed lines and magnified in the
following diagrams. (b) Time course of glycolytic metabolites during an
oscillation of the relaxation type. Experimental values are connected
by a line. The name of the metabolite is given at the right end of the
curve. The stepwise increase (at ~7.5 min) and decrease (at ~10.5
min) in the concentration of NADH (shaded areas) reflect fast
concentration changes in the adenosine nucleotides. The phases of a
period of the relaxation type are marked I-IV (see Fig. 8). (c) Phase
plane diagram of [ATP] and [NADH]. The [NADH] is given in optical
density units (see Fig. 2). The dashed line is drawn to visualize the
relationship.
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FIGURE6 Scheme of glucose utilization to synthesize a polysaccha-
ride. Intermediates of reactions which remain close to their chemical
equilibrium are surrounded by a box to indicate their interconvertabil-
ity. The loops connecting nucleotides and dinucleotides of the network
are drawn on the left and right side of the pathway. The loop of
inorganic phosphate of the pathway is probably detached from the
regulation by the relatively high concentration of phosphate in the
buffer. The lower left insert gives the typical relation between the
activity V" and the concentration [S] for the reaction of a substrate-
inhibited enzyme. It shows that two substrate concentrations yield the
same predefined activity V;. The enzyme PFK would show substrate
inhibition of this kind if [S] = [ATP].
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FIGURE 7 Extent of reactions of the rate determining reaction steps
in glycolysis calculated from measured metabolite concentrations for:
(- O -0-) pyruvate kinase (PK); (- V - V -) phosphofructokinase
(PFK); (- X - x -) polysaccharide synthase (SYN); (- A - A -) adenyl-
ate kinase (AK); (- O—O -) hexokinase (HK). For orientation, the
NADH record has been drawn on top of the diagram.

vertical (see Fig. 8). At these points, the two characteris-
tic isoclines (see Fig. 8) intersect the limit cycle. The
points having a vertical tangent are the beginning of the
tow (I) or high (III) NADH phase (see Fig. 8). The
phase ends where the isocline, which runs close to the
limit cycle, leaves the latter. The parts of the limit cycle
between the two phases correspond to the fast upward
and downward steps in the NADH trace (Fig. 5 a).

DISCUSSION

Nonsinusoidal oscillations may be used to analyze the
dynamics of the oscillatory state of glycolysis. Oscilla-
tions of a relaxation type permit the partition of the
dynamics into subprocesses which can be studied sepa-
rately. Models of chemical reaction systems displaying
relaxation-type oscillations have already been examined
(16). Also, in glycolysis such oscillations have been
shown (15). The basic reaction scheme of glycolysis is
well known. However, the regulation of the glycolytic

FIGURES Limit cycle in the phase plane of [G6P] vs. [ATP]. A closed
curve has been drawn through the experimental points to show the
likely position of the limit cycle. The points at which the tangent to this
curve is either horizontal or vertical have been marked by @, @.
The two tentative isoclines or nullclines (dashed lines) which intersect
the limit cycle at the marked points indicate concentration sets (i.e.,
the graphs) at which the time change in [ATP], [G6P], respectively, is
zero. They are the functions in the differential equation system
describing the dynamics. The four major phases of the limit cycle have
been labelled I-1V.

pathway under different conditions of energy demand
and substrate supply is still a matter of discussion (46).
An identification of the regulated steps in glycolysis is
essential for the analysis of the oscillatory state. Hence,
the first goal in the analysis of the dynamics is to locate
the enzymatic steps, which operate close to equilibrium.
Because of the law of mass action, the concentrations of
the reactants of such steps are closely coupled. In Fig. 6,
the intermediates are summarized which are believed to
be in equilibrium.

Pools of metabolites

We have verified that the phosphogiucoisomerase, aldo-
lase, and triosephosphate isomerase catalyzed reactions
remain close to their chemical equilibrium, as the law of
mass action demands. Compounds, which can be inter-
converted by reactions at or close to their chemical
equilibrium, form a pool. The pools are separated by
nonequilibrated reactions. The hexosemonophosphates
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(G1P, G6P, F6P) and the metabolites (Glc, UDP-Glc)
form a pool of compounds in this sense. The size of the
pool P is the sum of its components: e.g., P = [G6P] +
[F6P] + [G1P] + [Glc] + [UDP-GlIc]. Some concentra-
tions, e.g., those of G1P and Glc, remain well below that
of G6P. Therefore, the pool size can be estimated from
its dominating substance. For example, because F6P =
0.3 x [G6P] at equilibrium, the pool size is P = 1.3
[G6P] at high [G6P]. In the same way, FBP and
3-phosphoglycerate may be used to characterize their
pools because [DHAP), [GAP], or pyruvate may under
the experimental conditions be less accurate to deter-
mine enzymatically. Whereas the size of the pools
mentioned above varies with time, the nucleotide pools
do not.

An essential reaction in this pool is the myokinase-
catalyzed adenine nucleotide interconversion (see
Fig.3d) ATP + AMP = 2 ADP which keeps the
adenine nucleotide pool at equilibrium. The sum of all
adenine nucleotide concentrations 3 = [AMP] +
[ADP] + [ATP] should remain constant according to
our measurements. Hence, it may be assumed that de
novo synthesis and degradation are inactive in the time
range of the experiment. The two constraints (law of
mass action, mass conservation) on the three adenine
nucleotide concentrations imply that given one of the
concentrations (e.g., ATP or AMP), both of the others
are computable from the diagram in Fig. 3 d. Moreover,
the diagram verifies that the reaction runs close to its
equilibrium since the experimental data fall on the
elliptic arcs calculated from the above constraints (42).
The uridinephosphates have been treated similarly with
the exception that UDP-Glc had to be included in their
sum. The uridine- and adenine nucleotide pools are
coupled by a nucleotide phosphotransferase (47). Hence,
at equilibrium the ratio of [UTP)/{UDP] is given by that
of [ATP)/[ADP].

Where [AMP] = [ATP], i.e., where the two curves in
Fig. 3 and Fig. 5 intersect, [ADP] reaches its maximal
value (see Fig. 3 ¢). In the NADH trace of Fig. 3 and 5,
these points mark the end of the fast-rising NADH step
and the start of the fast-decreasing NADH step. Be-
cause the concentrations of ATP and NADH move in
concert in the phase of fast change (Fig. 5 ¢), it is likely
that they are related via the glycerate 3-phosphate
dehydrogenase reaction.

Dynamics in the phases of the
relaxation oscillation

The key to the dynamics in the oscillatory state is the
kinetics of phosphofructokinase. The reaction runs far
from its chemical equilibrium which is on the FBP side.
Its rate is known to be regulated by AMP and ATP. The

origin of the oscillatory capability of PFK may be
explained by its inhibition at the increasing levels of
substrate ATP (48, 49) if the effects of AMP on its rate
are neglected. The inset in Fig. 6 illustrates that under
stationary conditions with a constant glucose input V;,
there should be a constant turnover rate V; = V, /2 for
PFK (f = flux). Unfortunately, the substrate inhibition
allows two concentrations of ATP to reach V;, one at a
low [ATP] value, which is stable, and one at a higher
[ATP] which is unstable. In the unstable range, a mean
V; can be obtained by a turnover lower than V;, which
lasts for some time but is compensated by a rate higher
than V, for a succeeding period. The process appears as
an oscillation in the concentrations of the metabolites
and can be demonstrated by the extent of the reaction
catalyzed by PFK. Because the extent of reaction of PFK
moves in phase III of high [NADH] (see Fig. 6) and not
in phase I, it seems that PFK switches between an active
state at low [ATP] and a passive (or low rate) one at high
[ATP] or low [NADH)]. Superficially, the enzyme may be
considered to act as an on/off switch that is flipped at the
upward and downward steps of [NADH]. In the follow-
ing paragraphs, the processes in the phases I-IV will be
discussed.

During the OFF-state of PFK (phase I in Fig. 5), the
FBP-pools is emptied by the lower part of the glycolysis
path to generate ATP. The rate of this process is
controlled by the consumption of ATP in other reac-
tions. According to the scheme in Fig. 6, the hexokinase
and polysaccharide synthetase reactions are the major
ATP consumers. From Fig. 5 b in phase I, the rate of
turnover in the lower glycolytic pathway is estimated to
0.28 pmol FBP/ml/min (see Results) which yields ATP
at a rate of 4 x 0.28 = 1.12 pmol/ml/min. The input of
glucose 0.83 pmol/ml/min is divided into one part which
is built into a polysaccharide at a rate of 0.37 umol
glucose/ml/min and another part that increases the
glucose-6-phosphate pool at a rate of 0.46 pmol glucose/
ml/min. The rate at which ATP is consumed by the two
processes, is 0.46 + 2 x 0.37 = 1.10 pmol/ml/min. The
ATP generated in the lower pathway of glycolysis is
consumed in the upper pathway to form the polysaccha-
ride and fill up the glucose-6-phosphate pool. Because
the production of FBP by PFK is inhibited, the FBP pool
is largely drained. This state ends when the FBP pool
reaches a lower limit or has been exhausted. The driving
force which keeps the ATP level high in this phase is
probably the ATP producing lower glycolytic pathway.
The pyruvate kinase reaction which is believed to
operate far from equilibrium (50, 51) may be considered
as a controlling element. Here, the reaction rate also
might be influenced by product inhibition. During the
ON state of PFK (see Fig. 5 b phase III), the G6P pool is
converted into FBP. The characteristics of phase III is
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the high rate of ATP consumption which keeps the ATP
level low. According to Fig. 5, the PFK reaction domi-
nates and converts one glucose molecule into the FBP
pool by consuming the 2 ATP molecules which are
generated if another glucose molecule is turned into
ethanol and CO,. The rate of FBP production by this
pathway would be one half of the input rate of glucose
0.5 x 0.83 = 0.41 pmol/ml/min. Simultaneously, the
G6P pool is transformed to FPB at a rate of 0.6 wmol
G6P/ml/min + 0.18 pmol F6P/ml/min = 0.78 pmol/ml/
min. Per G6P molecule converted to ethanol and CO,,
three ATP molecules are generated which may be
consumed to produce FBP and the triosephosphates
from G6P and F6P. Thus, a quarter of G6P is metabo-
lized to produce the ATP that is needed to convert three
quarters of G6P to FBP. The rate at which G6P is turned
to FBP computes to 0.75 x 0.78 = 0.59 pmol/ml/min.
The sum of the rates of the two processes is 0.59 +
0.41 = 1.0 pmol/ml/min which approximately is equal to
the experimental rate 0.7 [EBP] + 0.2 [DHAP] = 0.9
pmol/ml/min which is read from Fig. 5 b for the growth
of the FBP pool. The rate of turnover in the lower
pathway is estimated to 041 + 0.19 = 0.6 pmol
FBP/ml/min which is nearly twice the rate of phase I,
0.28 wmol FBP/ml/min. The mean rate of turnover
should be the half of the input rate, i.e., 0.41 pmol/ml/
min. The actual rate is ~0.1 pmol ml/min lower in phase
I and ~ 0.2 higher in phase III than the mean rate which
explains that phase I is longer than phase III. Whereas
the rates of the nucleotide kinases (AK and UK) are
negligibly small in phase I and III, they contribute in
phases II and IV to the dynamics.

The ATP required in phase II to switch from the low
to the high AMP state is twice the difference between its
initial and the final concentration (one equivalent to
decrease the ATP concentration and a second to gener-
ate the AMP by the AK reaction). Besides the adenosine
nucleotide pool, the uridyl nucleotide pool simulta-
neously changes and supplies ATP. The total amount of
ATP removed can be estimated as 2 X 0.7 + 2 X 0.3 =
2.0 pmol ATP/ml (see Fig. 5). This amount is mainly
used to convert G6P and F6P (1.65 pmol/ml) in this
phase into the FBP pool (1.7 pmol/ml) by PFK (see
Results and Figs. 3 b and 5 b).

If substrate inhibition of PFK by ATP is occurring,
then it may be relieved by lowering the ATP concentra-
tion. Because the enzyme action itself decreases the
ATP concentration, the process is selfaccelerating until
the enzyme has converted nearly all ATP and remains in
the noninhibited state, in which the rate of conversion is
determined by the supply of ATP. This resembles a
reaction with autocatalytic characteristics (52), govern-
ing the fast change in phase II.

In phase 1V, the substrate inhibition is restored. The

reason is probably that the hexose monophosphate pool
has been depleted to a level at which the rate of ATP
consumption no longer is dominating over that of ATP
production in the lower part of glycolysis. The reversion
of the nucleotide pools to the state at the beginning of
phase II requires 2.0 pmol ATP/ml. Because the PFK
reaction may be considered as inhibited in phase IV, this
amount should be drawn from the full FBP pool.
Because four ATP molecules are generated per mole-
cule of FBP, the equivalent change in the concentration
of FBP should be 0.5 pmol/ml which may be verified in
Fig. 3 and Fig. 5 (see Results).

Thus, the dynamics may be described by assuming an
inhibited PFK in the slow phase I of low NADH
concentrations and an active PFK in the other slow
phase III. In the fast phases II and IV, PFK is switched
between the states by the nucleotide pools. The course
of the processes seems to be evident, but the interpreta-
tion is strongly based on the mechanism of Fig. 6, which
may be incomplete.

Dynamics on the limit cycle

The dynamics on the limit cycle of Fig. 8 are usually
described by two differential equations for the phase
plane variables [G6P] and [ATP). From the scheme of
Fig. 6, their variation in time is given by the kinetic rate
laws:

d

a [G6P] = Viex — Viom — Vear

d

a [ATP] = Vex + Veox — Veex = Viex — Vax — Viwo

where V is the rate of the reaction catalyzed by the
enzyme given as index.

Under the experimental conditions used, some reac-
tions move in concert (i.e., their extents of reaction
advance simultaneously; see Fig. 7). The equation sys-
tem above may be simplified if the rates are approxi-
mated by the rates of the rate-determining steps, i.e.:

Viex = Vi Veok = Vs Vor = Ve — Vs
Vear = Vero Veon = Vsyn and Vig = a - Vi

where V,, is the injection rate of glucose, V{;; is the rate
of uridyl phosphotransferase, and a is a constant. The
approximated differential equation system:

d
a [G6P] =V, — Veyn — Verx

d
a [ATP] = =V, — Voww — Ve + 2V — (1 + )V
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has as isoclines the two functions, f; and f,. Their time
derivatives are zero:

0 = f,([G6P), [ATP]) = V,, = Voyn — Ve
0 = f,([G6P), [ATP]) = =V, — Vsyn — Ve
+ 2V — (1 + )V k-

These functions or isoclines are tentatively drawn in
Fig. 8 within the limit cycle (52). The exact functions are
obtained from the rate laws: V' as a function of [G6P]
and [ATP]. The enzyme kinetics has to be studied in
detail and compared with the rates obtained from the
oscillatory state to prove that the proposed dynamics are
correct.

In the sector in which the isocline for d[ATP)/dt = 0
approaches the limit cycle (phase I and III), the dynam-
ics are given by the differential equation

d[G6P]
dr

=2XV, - 2X Ve + (1 +0) X V.

Because V,x ~ 0 in phases I and III, this term may be
neglected in the above equation. The dynamics in phases
I and 1 are controlled by the rate in the lower glycolytic
pathway V.. At high [ATP], the inactive phosphofruc-
tokinase reaction requires that the synthetase controls
the rate V;, and at low [ATP], the active phosphofructoki-
nase determines V. In the phases of fast changing
metabolites II and IV, the rate of the myokinase
reaction cannot be neglected and may influence the
dynamics.

Remarks

The interpretation of the experimental data strongly
depends on the assumptions of the mechanisms of the
reactions (see Fig. 6). There may be additional reactions
(e.g., the sidepath to glycerol) which have to be consid-
ered in a detailed description. Particularly, the regula-
tion in the basic scheme of Fig. 6 may have to be
extended by additional reactions. Therefore, this inter-
pretation should not be considered as final. Experimen-
tal data (e.g., of NMR spectra {53] on the oscillatory
state of glycolysis) may improve the current insight into
the dynamics. The origin of the constant value of ADP in
the two slowly varying phases (I and III) and that of the
almost constant value of 34 pmol/ml for the maximal
G-6-P concentration (54) await further investigation.
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