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ABSTRACT Type and range of entrainment of glycolytic
oscillations by a periodic source of substrate are determined
experimentally in yeast extracts. Subbarmonic entrainment
proves the nonlinear nature of the glycolytic oscillator. Ran-
dom variation of the substrate input yields sustained oscilla-
tions of irregular waveform and stable period. The results
agree with the predictions of an allosteric model for phos-
phofructokinase (EC 2.7.1.11; ATP:D-fructose-6phosphate 1-
phosphotransferase), which is the enzyme responsible for pe-
riodic operation of glycolysis. A comparison between model
and experiment in the case of a constant source of substrate
further indicates that the oscillatory dynamics of the glyco-
lytic system can satisfactorily be described by the phospho-
fructokinase model.

After the discovery of glycolytic oscillations in yeast and
later in extracts of heart, mechanistic studies (for summary
see ref. 1) led to the identification of phosphofructokinase
(PFK) (EC 2.7.1.11; ATP:D-fructose-6-phosphate 1-phos-
photransferase) as the enzyme periodically generating its
products, ADP and fructose-1,6-bisphosphate (Fru-1,6-P2).
Furthermore, the mechanism of propagation of the periodic
change of activity of PFK along the enzymic reaction se-
quence of glycolysis through the adenylate system was eluci-
dated (2, 3). The allosteric properties of PFK and the posi-
tive feedback exerted on it by a reaction product were de-
scribed and suggested as being responsible for its periodic
operation.
A companion study of a model for an allosteric enzyme

activated by the product showed indeed (4, 5) that this sys-
tem undergoes sustained oscillations corresponding to a limit
cycle around a nonequilibrium, unstable, stationary state (6).
The analysis of the model yields insight into the molecular
mechanism of instability and into the dependence of oscilla-
tions on flux and enzyme parameters (5). Thus, experimen-
tal and theoretical results demonstrate that the cooperative
and regulatory properties of PFK give rise to a temporal
dissipative structure (6).

Whereas, earlier studies have shown that in an extract of
yeast (7, 8), as well as in yeast cells (9), an oscillatory domain
can be identified on application of a variety of steady rates
of substrate input, the question arises, whether the oscillat-
ing system can be entrained by a periodic source of substrate
and how it reacts to random perturbation. This paper reports
a model analysis describing the effect of stochastic input of
substrate on limit cycle behavior and conditions for entrain-
ment of the oscillating system, together with the experimen-

tal verification of the theoretical predictions. Further agree-
ment of the oscillatory behavior of the model with experi-
ments performed with a constant source of substrate is pre-
sented. The results are compared to findings on circadian
rhythms.

METHODS
Yeast [Saccharomyces carlsbergensis (ATCC 4228)] was
grown under anaerobic conditions and extracted as de-
scribed elsewhere (10). The extracts were pooled, with an
average protein content of 50 mg/ml. The protein concen-
tration was determined by the procedure described in ref.
11. The experimental volume was 2 ml. NADH fluorescence
(in arbitrary units) and absorbance (in extinction units; sam-
ple path length, d = 1 cm) were recorded at 30'. An injec-
tion technique was used for continuous addition of glucose
to the yeast extracts (10). Stochastic and periodic variation of
the rate of substrate injection were simulated by stepwise
changes of input controlled by a mechanical gear system.
Stochastic variation of the rate of input was obtained accord-
ing to a random number table (12). In model simulations,
Eq. 1 were integrated on an IBM 370-165 computer by
means of the Continuous System Modeling Program for dif-
ferent values of the source term 01. Stochastic variation of
this parameter was obtained using a random number gener-
ator yielding white noise.

RESULTS
Theory
In the frame of the concerted transition theory (13) an allo-
steric model for the oscillatory PFK reaction has been devel-
oped (4, 5). The model is that of an open K-V system in
which the product is a positive effector of the dimer en-
zyme§ (for details see refs. 5 and 14). In the homogeneous
case, i.e., when the system is continuously stirred as in exper-
iments with yeast extracts, diffusion can be neglected, and
the time-evolution of the metabolite concentrations is de-
scribed by the following equations (5, 14):

da /dt = a, - umP
where

dy/dt = aMmP - k5y [1]

=ae(l + ae)(1 + y)2 + LOcace'(1 + ace')
. L(1 + ace')2 + (1 + y)2(l + ae)2 [2]

with e = 1/(E + 1) and e' = 1/(E' + 1). Furthermore, a and

§ Extension of the model to the case of n protomers and two sub-
strates leads to similar conclusions for periodic behavior (15).
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FIG. 1. Domains of entrainment of the enzyme model by the
fundamental frequency (A), 82-harmonic (B), and '3-harmonic (C)
of a sinusoidal source of substrate al = [0.5 + 0.25 sin (2 irt/T)]
sec 1. In the given range, no entrainment takes place outside these
domains, which extend symmetrically around To = 406 sec; T de-
notes the period after entrainment. The diagram is calculated with
the following numerical values of model parameters (8, 21): L =
107 (allosteric constant), c = KR/KT = 10-5 (nonexclusive binding
coefficient of the substrate), E = kid = 10-3 (normalized catalytic
constant of R state), E' = k'/d' = 10-3 (normalized catalytic con-
stant of T state), 0 = k'Ik = 1 (ratio of catalytic constants of T
and R states), am = (2kDo)/KR = 8 sec-' (normalized maximum
enzyme activity), k, = 0.1 sec-' (rate constant for product sink),
KR = dia = 5 X 10-5 M (dissociation constant of enzyme substrate
and enzyme product complexes in R state). Similar results are ob-
tained for e = (' = 0.1. For remaining parameters, the mean values
chosen for simulations are: KT = d'/a' = 5 X 10-3 M (dissociation
constant of enzyme substrate complexes in T state), a = 108 M-1
sec-1 (association rate constant for R state), d = 5000 sec-' (disso-
ciation rate constant for R state), k < 500 sec-' (catalytic constant
of R state), and Do = 5 X 10-7 M (total enzyme concentration).

y denote, respectively, the concentrations of substrate (ATP
or Fru-6-P) and product (ADP or Fru-1,6-P2) of the enzyme
reaction normalized by division through the dissociation
constant KRJ, al denotes the normalized injection rate of
substrate, and k. the rate constant for the sink of the product
(for further parameters, see legend of Fig. 1; also see refs. 5
and 14).
Under conditions of constant input, the system described

by Eq. 1 undergoes limit cycle oscillations in a finite domain
of 01 values (5). In a case for which a close agreement is
reached with the experiments in yeast extract (see Table 2
below), this domain of sustained oscillations extends from al
= 1.05 k. to 13 k8.
We first consider here. a source rate fluctuating in the

range 5-8 k8, in the middle of the oscillatory domain. For L
= 5 X 106, c = 10-2, E = 0.1, E( = 0 = 0, UM = 102 sec-1,
and k, = 0.1 sec1, the corresponding range of periods for
constant input extends from 213.6 sec to 154.1 sec. When 01
varies stochastically, the period of the oscillations ranges
from 182 to 172 sec, with a mean period of 177.5 sec. Thus,
the allosteric enzyme retains periodic behavior and acts, fur-
thermore, as a narrow filter centered at the mean frequency.
Oscillations persist also with input values that extend partly
over the range corresponding to a stable steady state. In con-
trast to the stability of the period, noise renders the ampli-
tude irregular.
The response of the system towards a periodic source of

substrate depends on the relative magnitude of the period T'
of the input with respect to the autonomousl period To of
the enzyme. In order to simulate the experiments closely, we
consider a set of parameter values yielding an autonomous
period of 406 sec for al = 5 ki = 0.5 sec1, and investigate
the effect of a periodic source by means of a sinusoidal ex-
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FIG. 2. NADH fluorescence (upper trace) in a yeast extract
supplied with a stochastic input of substrate (lower trace). The in-
jection rate varies between 30 and 180 mM X hr-1 of glucose. The
glycolytic oscillator operates with a stable period of about 270 sec,
depending only on the average rate of substrate injection.

pression for al. The results of simulations for T' varying in
the range 120-600 sec are summarized in Fig. 1, where T
denotes the period of the driven system. The enzyme en-
trains to the driving frequency (T = T') in the range 360 <
T' < 450 (in sec); this range widens to 345 < T' < 475 (in
sec) when the amplitude of the sinusoidal source increases
from 0.25 to 0.35. Subharmonic entrainment (16) by the ½-
harmonic (T = 2T') and by the 'A-harmonic (T = 3T') of
the external frequency occurs for 187 < T' < 220 (in sec)
and for 130 < T' < 140 (in sec), respectively. Harmonics of
the external frequency fail to entrain the system. For longer
periods T', modulation of the enzyme oscillations by the
source is observed, and the system displays double periodici-
ty (Fig. 7b): one period is of the order of To, whereas the
second is equal to T'.

In the absence of entrainment, period and amplitude of
the oscillations are irregular, whereas their phase relation
with the periodic input varies as a function of time. In con-
trast, the three factors are constant in case of entrainment.
Moreover, the phase difference between the entrained oscil-
latory enzyme and the source is fixed, regardless of initial
conditions, but varies with the driving frequency. The am-
plitude of the oscillations increases by about 10% upon en-
trainment.

Keeping al constant and assuming a sinusoidal expression
for parameter 01M, which includes the total enzyme concen-
tration (see legend of Fig. 1), allows us to test the effect of
periodic enzyme synthesis on limit cycle behavior. The peri-
od of epigenetic oscillations is usually larger by one order of
magnitude than the period of metabolic oscillations (1). In
this case, a modulation of the periodicities quite similar to
that shown in Fig. 7b is obtained.

Experiments
Stochastic variation of the rate of substrate input, after a
short steady rate of injection, leads to sustained periodic be-
havior with small variation of the amplitude and some ir-
regularities in the waveform (Fig. 2). As predicted by the
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FIG. 3. Record of NADH absorbance (upper trace) in a yeast
extract entrained by a periodic glucose injection rate (lower trace).
TO = 320 sec, T' = 280 sec. Resulting period: T = T' = 280 sec.

¶ The autonomous period To of the enzymatic oscillator is defined
as the period of the oscillations obtained with a constant source
rate equal to the temporal mean value of the periodic or stochas-
tic rate of substrate input.
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FIG. 4. NADH absorbance (upper trace) in a yeast extract en-
trained by the ½-harmonic of a periodic glucose injection rate
(lower trace). To = 400 sec, T' = 160 sec. Resulting period: T = 2
T' = 320 sec.

model, the oscillation is restricted to a narrow range around
the autonomous period.
The result of periodic variation of the rate of substrate in-

jection is shown in Figs. 3-5 for three different input peri-
ods. In each experiment the system was first induced to os-
cillate by a constant rate of substrate injection, then the peri-
odic variation was started. The experiments demonstrate an
instantaneous frequency response of glycolytic oscillations.
Entrainment by the fundamental frequency (Fig. 3), by the
%-harmonic (Fig. 4), and by the 'A-harmonic (Fig. 5) is ob-
served. A situation corresponding to the absence of entrain-
ment is given in Fig. 6. The experiment was started by a
continuous rate of input resulting in oscillations, being fol-
lowed by a rate variation to a nonentraining frequency.
Here, period, amplitude, and phase difference between
source rate and oscillating NADH level are irregular, in con-
trast to the situation of Figs. 3-5. When the period of the
rate of input is sufficiently longer than the autonomous peri-
od, both periodicities are displayed separately by the system
(Fig. 7a), quite similarly to the behavior of the model (Fig.
7b). The results of a series of experiments analogous to those
demonstrated by the figures are summarized in Table 1,
where the type of interaction between autonomous and
source oscillations is shown to depend on the ratio of their
periods.

DISCUSSION
The data obtained from the simple allosteric model for PFK
agree well with the experiments performed in yeast extract.
Under stochastic input conditions (more likely representing
true conditions in vivo than the constant source) model and
experiment show the effect of a narrow band-pass filter cen-
tered at the mean autonomous frequency, keeping the peri-
od stable in spite of short time variations of the source rate.

/t\ (\ <NAADH fl

FIG. 6. NADH absorbance (upper trace) in a yeast extract
that fails to be entrained by a periodic rate of glucose injection
(lower trace). To = 420 sec, T' = 600 sec. Resulting period: T not
constant.

This property could be of physiological significance in pro-
viding reliable timing mechanisms at the cellular level.

For a periodic input of substrate, the domains of entrain-
ment 0.89 < T'/To < 1.11 and 0.85 < T'/To < 1.17 com-
puted theoretically for a sinusoidal source amplitude of 0.25
and 0.35, respectively, compare with the slightly larger
range observed in the experiments for entrainment by the
fundamental frequency (Table 1). The agreement extends to
the case of subharmonic entrainment and to the modulation
of autonomous oscillations by a source of longer period.
The results of simulations and experiments with a constant
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FIG. 5. NADH fluorescence (upper trace) in a yeast extract
entrained by the ½-harmonic of a periodic input of glucose (lower
trace). To = 400 sec, T' = 120 sec. Resulting period: T = 3 T' = 360
sec.

FIG. 7 (a) NADH absorbance (upper trace) in a yeast extract
modulated by a periodic rate of glucose injection (lower trace). To
= 330 sec, T' = 1200 sec. Clear separation of autonomous and ex-
ternal periods. (b) Modulation of the model periodicities (To = 183
sec) by a sinusoidal source of substrate of longer period (T' = 600
sec). The curve represents the periodic variation of concentration
-y forL = 106, c = 10-5, e = -l= 10-3, 0 - 1, UM = 4 sec', and ks =
0.1 sec-'. Initial conditions: a = 40, y = 8. The sinusoidal expres-
sion for the input is al = [0.7 + 0.5 sin (2 ir t/600)] sec-.
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Table 1. Interaction of the glycolytic oscillator with a
periodic source of substrate

Relation between T'
and To Interaction

TITO 11/n (n = 2,3...) Entrainment by the 1/n sub-
harmonic of the input fre-
quency (Figs. 4 and 5)

0.7 < TITO < 1.2 Entrainment by the funda-
mental frequency of the
input (Fig. 3)

1.2 < T'/TO < 1.6 No entrainment (Fig. 6)

nTO > 3 Double periodicity: separa-
tion of autonomous and
input frequencies (Fig. 7a)

input are summarized in Table 2. There is no serious dis-
crepancy between model and experiment for the oscillatory
range of substrate input, for period and amplitude as well as

for the periodic change in PFK activity. Furthermore, the
phase-shift experiments give identical results and demon-
strate the sensitivity of the enzymic source of oscillation
towards its controlling ligand. The accord between the oscil-
lations' exhibited by glycolysis and by the PFK model leads
to the conclusion that the dynamic behavior of a complex
system can be reduced to the molecular properties of a sin-
gle protein species operating as a master enzyme in a bio-
chemical pathway-'
The conditions necessary for the occurrence of sustained

oscillations in open systems (3, 6, 18, 19) are satisfied in gly-
colysis. The far from equilibrium operation of the PFK reac-

tion in yeast has indeed been demonstrated (8). Further-
more, enzyme cooperativity and positive feedback introduce
nonlinearities in the evolution equations of metabolite con-

centrations. The demonstration of subharmonic entrainment

offers a further proof of the nonlinear nature of the glycolyt-
ic oscillator, since this type of response to a periodic input is
not observed in linear systems (16). Thus, glycolysis offers
the best known example of temporal organization in a bio-
chemical pathway beyond a nonequilibrium instability. Spa-
tiotemporal dissipative' structures in the form of chemical
waves may also arise in the PFK reaction, as shown in a the-
oretical study (20) where the role of diffusion is considered.

Since our knowledge of the molecular properties of PFK
in yeast is still limited, the enzyme model is partly based on

the PFK of Escherschia coli (21). However, experimental
data presently available on the yeast enzyme (22) indicate
that the application of figures from E. coli to the yeast sys-

tem is justified. Earlier studies (8) have shown that the yeast
enzyme, underoscillatory conditions, behaves as a K system
according to Monod et al. (13), and that no oscillation of gly-
colysis is observed whenever the kinetics of the enzyme are

Michaelian, i.e., in the presence of saturating concentrations
of Fru-6-P, of ammonium ions, or at high pH (10). Thus, the
experimental studies clearly indicate the cooperative nature
of the control mechanism underlying the periodic change of
PFK activity under oscillating conditions. The role of coop-

erativity in the mechanism of instability is well illustrated by
the model, where a necessary condition for sustained oscilla-
tions is a Hill number close to the maximum value at the un-

stable' stationary state (5). A higher number of protomers
leading to higher Hill numbers does not change the proper-

ties of the system essentially (15).
The study of the entrainability of glycolytic oscillations

presents analogies with findings on circadian rhythms. En-
trainment of circadian rhythms by illumination or tempera-
ture cycles has been observed in both unicellular and multi-
cellular organisms. The range of entrainment of these
rhythms to the driving frequency extends from 18 to 30 hr
(23). These limits correspond to the domain 0.75 < T'/To <
1.25 comparable to that observed for glycolysis (see Table 1).
Subharmonic entrainment by light-dark cycles of 12, 8, and

Table 2. Comparison of oscillatory behavior for a constant source of substrate

Sustained oscillations Model (4, 5) Experiment

Oscillatory range of 19-246 mM/hra 20-160 mM/hrb (8)
substrate injection
rate (v,)

Period Of the order of min; decreases by a Of the order of min; decreases by a factor >0.1 as v,
factor > 0.1 as u1 increases increases (8)

Amplitude In the range 10-5 -10-3 M; passes In the range 10-5 -10-3 M; passes through a maximum
through a maximum as ul increases as vl increases (8)

Periodic change in Minimum: 0.95; maximum: 73; mean: Minimum: 1; maximum: 80; mean: 16; activation
PFK activity (in 17.5; activation factorc,d: 77 factord: 80 (8)
% VM)

Phase-shift .by ADP Delaye of 1-2 min upon addition of Delaye of 1.5 min upon addition of 0.7 mM ADP at
0.7 mM ADP (14 units of ' ) the minimum of ADP oscillations of 5 min period;
around the minimum of ADP os- small phase advance when the addition precedes
cillations of 5 min period; small ADP maximum (17)
phase advance when the addition
precedes ADP maximum

a The data correspond to the range al = 0.105 sece to 1.3 sec-1 obtained for L = 5 x 106; smaller ranges are found for lower values of L (see
Fig. 3.11 in ref. 5). The rate v, is equal to the product aoKR, with KR = 5 X 10-5 M (5).

b The range extends beyond 200 mM/hr at 100mM phosphate.
c Obtained for aK system (0 = 1) in the middle of the oscillatory domain, for a, = 0.5 sec'.
d Larger values for the activation factor, defined as the ratio of maximum through minimum activity, are found at low values of v1 in the os-

cillatory domain.
e The small peak of ADP (NADH) induced upon titration, is not considered as phase advance unless its amplitude approaches the unper-
turbed maximum of the oscillations.
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6 hr periods to a 24 hr period has also been observed (23),
often being referred to as entrainment by frequency demul-
tiplication. As to the effect of stochastic disturbance of peri-
odic behavior, circadian rhythmicity in the cell division
rhythm of Euglena, which can be entrained by light-dark
cycles, has been shown to persist in cultures exposed to a
random illumination regime (24). Entrainment of the same
rhythm by light-dark cycles in the domain 20-28 hr and fre-
quency demultiplication are also observed (24). The similar-
ity with the glycolytic response to random and periodic
stimuli is of special interest in view of the conjecture (25)
that metabolic oscillations of the limit cycle type are respon-
sible for the periodicity of mitosis. It is pertinent to note in
that respect that the arc discontinuity (25) characteristic of
the PFK model is somewhat similar to that of the mitotic os-
cillator of Physarum polycephalum (25).
The putative link between high-frequency oscillations,

such as those encountered in glycolysis, and circadian
rhythms has often been emphasized (26). For given values of
source and sink, the possibility of achieving circadian peri-
ods by decreasing the concentration of an oscillatory enzyme
is ruled out by the PFK model (5). Coupling enzyme oscilla-
tors by diffusion also fails to elongate the period of the phe-
nomenon in this model (20). However, the frequency can be
shifted to any biologically relevant value by fitting source
rate, sink, and enzyme activity appropriately.

Entrainment of metabolic oscillations offers a means of
synchronizing cell populations, as demonstrated for oscillat-
ing glycolysis in yeast (17, 27). Similar patterns of entrain-
ment can be expected in Dictyostelium discoideum, where
oscillations controlled by cyclic AMP (28) play an essential
role in the process of cellular aggregation (29), since the
mechanism of these periodicities resembles that of glycolysis
(30).
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