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ABSTRACT Under certain well-defined conditions, a population of yeast cells exhibits glycolytic oscillations that synchro-
nize through intercellular acetaldehyde. This implies that the dynamic phenomenon of the oscillation propagates within and
between cells. We here develop a method to establish by which route dynamics propagate through a biological reaction
network. Application of the method to yeast demonstrates how the oscillations and the synchronization signal can be
transduced. That transduction is not so much through the backbone of glycolysis, as via the Gibbs energy and redox
coenzyme couples (ATP/ADP, and NADH/NAD), and via both intra- and intercellular acetaldehyde.

INTRODUCTION

Under some conditions, the concentrations of metabolites afontrol of the oscillations would have to be confined to
the glycolytic pathway oscillate (Duysens and Amesz,phosphofructokinase has been shown to be unjustified for
1957; Betz and Chance, 1965; Hess and Boiteux, 1980). Ieither type of model (Teusink et al., 1996; Bier et al., 1996).
suspensions of intact yeast cells that have been harvest@teliminary results suggest that control of the frequency of
during the growth-phase transition between using glucoseéhe oscillations is distributed over a number of molecular
and ethanol as the substrate, then starved and subsequerglpcesses, one of which includes glucose transport
presented with glucose and cyanide, these oscillations ar@eijenga et al., 1998; cf., Markus et al., 1984).
sustained (Richard et al., 1993, 1996a). The reproducible A crucial issue in how a dynamic cellular system controls
observation of limit-cycle oscillations in well-defined, in- itself is the active networking in which its macromolecules
tact cells, has made it possible to study intracellular dynamengage. Upon a perturbation anywhere in the system, the
ics and its control under stationary conditions (Hess an@é&nzymes around that perturbation respond in terms of a
Boiteux, 1980; Termonia and Ross, 1981; Richard et al.change in rate. The changes in rates result in secondary
1996a,b; Reijenga et al., 1998). perturbations, which again result in rate changes of sur-
For the oscillations to be observable, they had to b&ounding enzymes. The key property of stable systems is
synchronous in the billions of cells in the cuvette. Indeed that the resulting parallel chains of changes precisely return
mixing of cell populations that oscillated 180° out of phase,the system to its original state (Westerhoff and Van Dam,
only caused a transient disappearance of the oscillationsgg7). To understand the internal regulation of cellular
(Richard et al., 1996b), evidencing some sort of activesystems, it is important to understand how the various
synchronization. Acetaldehyde synchronizes the oscillachanges match precisely (Kahn and Westerhoff, 1993). In
tions between the cells (Richard et al., 1994, 1996b). Thigystems at steady state, such an analysis is difficult. Because
identification has made this system also an attractive modelaguse and effect cannot be distinguished temporally; one
for the study of the control of intercellular dynamics (Wolf should analyze transient perturbations, or cut up regulatory
and Heinrich, 2000; Bier et al., 2000). links in the system (Snoep et al., 1999). For systems en-
For the mechanism of these oscillations, a number ofaged in limit cycles, it is more feasible to trace the paths of
proposals exist. Some focus on phosphofructokinase as thge system dynamics, because these allow the analysis of
pacemaker, others on the stoichiometry of the reaction Nephase (Betz and Chance, 1965) and amplitude (Richard et
work (Sel'kov, 1975; Goldbeter, 1996). The notion that 5| 1996a) differences. Because of the possibility to mea-
sure reliably and rapidly the glycolytic intermediates during
the oscillations (Richard et al., 1996a), we set out to deter-
Received for publication 2 August 1999 and in final form 14 Decembermine the chain of events in synchronizing yeast glycolytic
1999. oscillations. Such a study should not only address the chain
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6-phosphate (F6P), fructose-1,6-bisphosphate (F16P). The
concentrations of dihydroxyacetone phosphate (DHAP),
glyceraldehyde 3-phosphate (GAP), 3-phosphoglyceratg
(3PG), phosphoenolpyruvate (PEP) and pyruvate oscillated
at a relative amplitude of less than 2% for DHAP and less
than 30% for the other metabolites. The concentrations of
1,3-biphosphoglycerate (1,3BPG) and 2-phosphoglycerate
(2PG) were below the detection limit. These findings sug-
gested that neither the oscillations in intercellular acetalde-
hyde concentration, nor the cell-cell synchronization could
be understood in terms of a cause—effect chain running
through the intermediates of the glycolytic pathway itself.

To rationalize this, Richard et al. (1996a) pointed out that
the coenzymes engaged in glycolysis, i.e., ATP(ADP) and
NAD(H), also oscillated in terms of their concentrations.
Following this lead, we here elaborate a mechanism for the
propagation of the oscillations and their phase through thg
glycolytic network in and between the individual cells. By
suppressing other possible modes of transfer of dynamics,
we show that this mechanism may indeed be responsible for
the experimental observations in dynamically coupled os-
cillating yeast cells.
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THE MODELS

We have set up a minimum model of glycolysis in yeast that
suffices to describe the essence of the experimental obse
vations of Richard et al. (1996a,b). This model contains
lumped reactions of the glycolytic pathway and includes
production of glycerol, fermentation to ethanol and ex-
change of acetaldehyde between the cells, and trapping of
acetaldehyde by cyanide. The system was analyzed with th
software packages AUTO (Doedel, 1981) as well as a
Runge-Kutta—Merson integration routine. In the situation
under StUdyv respiration is absent, and ethanol is the I’n‘?‘irt-‘IGURE 1 Schematic representation of the anarobic glycolytic pathway.

end product of glycolysis. The reactions and fluxes undeReactions: HK-PFK, lumped reaction of hexokinase and phosphofructoki-

consideration are shown in Fig. 1. For the extracellulamase; ALD, aldolase reaction; GLY, glycerol-producing branch; GAPDH,

fluxes, we take into account a g|ucose flux into the Ce”.reaction of glyceraldehyde-3-phosphate dehydrogenase; PGK, reaction cat-

Ethanol and glycerol concentrations are considered fixed'2e9 Py phosphoglycerate kinase; PK, lumped reactions of phosphoglyc-
erate mutase, enolase, and pyruvatekinase; PDC, reaction catalyzed by

due to the large extracellular reservoir with which they arepyruvate decarboxylase; ADH, alcohol dehydrogenase reaction; ATPase,

supposed to equilibrate. Minor side fluxes are fluxes resulttotal cellular ATP consumption; CYA, degradation of acetaldehyde by

ing from the exchange of acetaldehyde between the cell angyanide. Fluxes: glucose influx, exchange of acetaldehyde between the cell

the surrounding medium, a glycerol production flux, and an@nd the external medium.

extracellular sink for acetaldehyde. The cell membrane is

treated as impermeable for metabolites other than glucose,

acetaldehyde, and ethanol. hexokinase (HK) and phosphofructokinase (PFK) (lumped
The intracellular reactions that are taken into considerin reaction HK—PFK), the glycerol-producing steps (result-

ation are: ALD, aldolase; GAPDH, glyceraldehyde-3-phos-ing in reaction GLY) as well as phosphoglycerate mutase,

phate dehydrogenase; PGK, phosphoglycerate kinase; PD€nolase, and pyruvate kinase (lumped together in reaction

pyruvate decarboxylase; ADH, alcohol dehydrogenase. ThEK).

model includes the degradation of the coupling substance in With the exceptions of GAPDH and PGK, all reactions

the external solution (CYA), i.e., the reaction of acetalde-are modeled as if irreversible. The reactions catalyzed by

hyde with cyanide. Consumption of ATP is taken into GAPDH and PGK are near their equilibria with the equi-

account by including an ATPase. Some reactions describirium constantcappy = Keappu+/Keappn— = 0.0056

lumped processes. This concerns the reactions catalyzed (Byers, 1982) andpgk = Kook /Keak- = 3225 (Bergmeyer,

PDC
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1974). The balance equation for 1,3-bisphosphoglycerate
(1,3BPG) reads

d1,3BPG
g~ Veapor — Vecks (1a)
with
Veapon = Keapor: [PTPIINAD ]
— Keapon-[1,3BPG[NADH], (1b)
and

Veke = Kpak:[1,3BPG[ADP] — koks [3BPG[ATP],  (1c)

[PTP], [1,3BPG], and [3PG] denote the concentrations of
the pools of triosephosphates (dihydroxyacetone phosphat
and glyceraldehyde-3-phosphate), 1,3BPG and 3PG, ref
spectively. The equilibrium constants for GAPDH and PGK
lead to a very small steady-state concentration of 3PG and,
hence, to a short average life time as compared to the othe
metabolites. This warrants a quasi-steady-state approxima
tion for [1,3BPG] (see Heinrich and Schuster, 1996). From
d[1,3BPGJ/d = 0, it follows thatvgappy = Vpek, and, for
the concentration of 1,3BPG

Keapor: [PTPIINAD*] + kex_[3PGI[ATP] 56
Keapor [NADH] + Koy [ADP]
)

In this way, the number of variables was reduced by one.
The rate equation for the GAPDH-PGK reaction reads

Voapor-pek = 1Kearor+Kpak:[PTPIINAD "][ADP]

— Keapon-Keak-[3PGI[ATP][NADH ]}
FIGURE 2 Schematic representation of the models. The 9-variable

- {kGAPDH—[NADH] + kPGK+[ADP]}' (3) model includes all shown metabolites as variables, whereas, in the 6-vari-

) able model § S,, and S are treated as parameters. Variablgsg8icose;
As a consequence, the GAPDH-PGK reaction can be urs,, fructose-1,6-bisphosphates, $00l of the triosephosphates, glyceral-

derstood as quasi-trimolecular. The resulting model is thelehyde-3-phosphate, and dihydroxyacetone phosphat@:osphoglyc-
9-variable system shown in Fig. 2. The variables consist ofrate; $ pyruvate; g, acetaldehyde in the cellgS extracellular acetal-
the concentrations of the following metabolites; §lucose; ~ 9eMvde: A ATP, and N, NADH.

S,, fructose-1,6-bisphosphate;, ool of the triosephos-

phates, glyceraldehyde-3-phosphate, and dihydroxyacetone

phosphate; 5 3-phosphoglycerate;sSpyruvate; g, acet- For the mathematical description, simple rate laws are
aldehyde in the cell; &, extracellular acetaldehyde;,A  ysed for all enzymes. We describe the activities of the
ADP; A, ATP; Ny, NAD™; and N, NADH. In the follow-  enzymes with linear or bilinear terms. Only for the HK—
ing, we consider the cellular pools of the adenine nucleoppk reaction, regulatory properties are taken into account.

tides ADP and ATP as vgell as that of the nicotinamidepgy s a strongly regulated enzyme and has several effec-
adenine dinucleotides NADand NADH as conserved moi- tors. It is activated by F6P, F16P, ADP, and AMP, whereas

1)

=

[1,3BPQ =

eties with ATP leads to inhibition. Here, the inhibition by its substrate
A, + A; = A = constant (4a) ATP is considered by a factor
and A\"T2
e =[]
N; + N, = N = constant. (4b) :
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where K and n denote the inhibition constant and the One rewrites EQ. 3 foVgappu.pak in terms of the variables
cooperativity coefficient of that regulation (Heinrich and
_ Koapph+ Keaikt SIN1(A—Az) — Kappr-Keok-SiAsN,

Rapoport, 1975). =
The glucose influx into the cell is assumed to be constant, Keapor-Na + Kogi (A — Ay)

whereas the flux of Sacross the plasma membrane is taken (8))

to be proportional to its concentration difference across that
membrane RESULTS
J=k(S§— £, (5) Description of the experimental observations: the

wherek acts as a coupling parameté, Cell surface area;
V., cellular volume;P, permeability). The ratio of the cel-

k= A-PIV,,

(6)

lular and the extracellular volume/{)) is denoted byeg. | ! _ !
Assuming a homogeneous distribution of the metabolites iffoncentrations and fluxes were in an experimentally realis-
the intracellular and in the extracellular solution, the differ-tic range. In the following, we use the degradation rate

ential equation system of the model follows:

9-variable model

We first examined whether the 9-variable system (Egs. 7a—i
and 8a—j) could describe the dynamics we observed exper-
imentally (Richard et al., 1996a,b). The reference parameter
set shown in Table 1 was chosen, such that the steady-state

constant of acetaldehyd&yf as the bifurcation parameter.
Experimentally kg can be modulated by changing the cya-

S,=Jh—Vv (7a)  nide concentration. For each valuekgf the system had one
steady state with nonnegative metabolite concentrations.
&y 7b This steady state was stable if the degradation kat®as
S=vi—V, (7b) : ,
small and unstable for higher values of this parameter (see
Sy = 2V, — Vs — Vg (7c) Fig. .3). The_ msta_ble steady state arose via a subcrltl_cal
(http://mrb.niddk.nih.gov/glossary/glossary.html) Hopf bi-
S —\.— v (7d) furcation in the point, indicated by, in Fig. 3. In the
A region Koy = Ky = ko @ stable steady state and an
S=v,—v (7e) unstable limit cycle coexistedys, denotes a saddle-node
4 bifurcation of the limit cycle, with the consequence that, for
S v — v — 7 Kg(s) = Ko = Kkg(y), @ stable steady state and an instable limit
S5 = Vs~ Vo (7 cycle coexisted with a stable limit cycle. In Fig. 3, the
cox steady-state concentration and the minima and maxima of
=@V (79) the oscillations are drawn for the variable.N
. For the set of reference parameters ke 80.0 min %,
A= -2V + V3t Vs~V (7h)  we analyzed the oscillations in greater detail. The oscillation
. ) period wasT = 0.141 min, i.e., approximately six times
Ny = V3 — Vg — Vg (71)
with the rate equations TABLE 1 Parameter Values
J, = constant (8a) Parameter Value
Jo 50.0 mM- min~*
1, min—1
v; = kiSA3T(Ag) (8b) :21 isoo'r?”\TM min
kI 9.8 min*
V2 = koS, (8¢) — 323.8 MM - min *
KoapDH— 57823.1 mM* - min~*
Vo = KSyA — Ay) (8d) Keoir 76411.1 mM™ - min*
Kook 23.7mM - min~?t
Vs = KsSs (8e) K, 80.0 mM* - min~*
Ks 9.7 min*
= Ke 2000.0 mM ™t - min~*
Vo = koSN (89) k, 28.0 mim*
Kg 85.7 mM* - min~*
Vv = kiAs (89) K 375.0 min'*
1] 0.1
Vg = kgS3N, (8h) A 4.0 mM
N 1.0 mM
Vo = koS5" (8i) n 4
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ments. Also, the phase shift of'Sand N, of 138° was in
accordance with the experimental situation (Richard et al.,
1996a). The phase relationship betweegragd N, was not
quite reproduced by this core model. In Table 2, the mean
values and relative amplitudes of all variables are given.
The mean values correspond to the experimental results
shown in Richard et al. (1996a). The concentrations for
internal and external acetaldehyde are also in agreement
with a paper of Stanley and Pamment (1992), where an
accumulation of acetaldehyde inside of cells was demon-
strated.

We did not find the same strong separation in the relative
amplitudes of the oscillating metabolites as was observed in
the experiments. This may again be due to the fact that the
enzyme Kkinetics in the model are simpler than those in
reality. For the parameter set we used, the relative ampli-
FIGURE 3 Bifurcation diagram for the variable,iNADH) inmM. The  tudes in $ and A; were very high, that in Swas very small,
bifurcation parametek, is the pseudo-first-order rate constant of the gnd, for all other metabolites, the relative amp|itude was
gx”l‘:‘cz”llﬂr"ar ‘:]e?rgldatit"” C‘;f atcetgj"dethydf"lid ":13 _Srtr?b'enzterﬁ‘_‘:]Y mStat‘?? moderate. The essence of an observation made by Richard
uﬁzt;blel Ii?nuit SC;CI:s;?uiaci);clsez, rrr?arl)x?/mceli Caiz n?i)::ima;aof stalblle allirﬁit etal. (1996a)_ was rep,mduced: FoII_owmg th_ell’ I,FU|e of thumb
cycles. Points: S, point of a saddle-node bifurcation of the limit cycle; H, that the relative amplitudea of a driven oscillation should
point of Hopf bifurcation. Parameters as given in Table 1. be smaller than the amplitude of the driving oscillation, the

oscillations in § cannot be explained in terms of the oscil-
lations being transduced only through the backbone of the
shorter than the experimental one (Richard et al., 1996ajlycolytic pathway. Forag, >> aszandags > ags Richard
Decreasing all rate constants brought the period closer to thet al. noted that the oscillations in the ATP/ADP ratio did
experimental one, at the cost of the model average fluxexceed the oscillations in,$n terms of relative amplitude.
becoming lower than the experimental flux. Introducing The former also exceeded those in the NADH/NAD ratio,
saturability of the rate equations should increase the periog/hich, in turn, exceeded those iR.Shis is also observed
while keeping the flux constant, but we preferred to keep thén our model calculations.
model simpler, not to get bogged down in overparametri-
zation. After all, the focus of this paper is to demonstrate the o .
feasibility of a mechanism of the propagation of dynamics,Feasibility of the proposed intracellular
rather than an exact fitting of experimental data. propagation mechanism; reduction to the 6-

Figure 4 shows an integration in time of NADH {\and ~ Variable model
ATP (Ag) concentrations. The two metabolites had a phas@ numerical model has the disadvantage that it may not
shift (152°), which was comparable to that in the experi-precisely mimic reality, but the advantage is that it is free of

NADH [mM)]

0 kg(s) 2 kQ(H) 4 6 8 10

ko [min™]

4 T 1
TABLE 2 Time Average and Relative Amplitudes for the
Oscillations Obtained for the 9-Variable Model
0.75 ~
= % Mean Relative
% = Concentration Amplitudes
= 05 5 Metabolite (mM) (%)
<
< £ S, 1.09 79.9
0.25 S, 5.10 16.6
S; 0.55 13.7
S, 0.66 46.8
0 ‘ ‘ ' 0 S 8.31 3.6
0.1 0.2 0.3 0.4 0.5 Ss 0.08 7.6
i . S 0.02 7.1
Time (min) A, 2.19 61.4
FIGURE 4 Integration of NADH and ATP of the 9-variable model in 23/A2 (1)47& iggl
time. The period of the oscillation i = 0.141 min, phaseshift of NADH N2/N 0'69 26.4
(thin line) and ATP (thick line) equals 152°. Parameters as in Table 1, and_2"* : i
kg = 80.0 min %, Parameters as specified in Table 1, &gd= 80 min ™.
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experimental error. Consequently, the finding that, also in a&ordingly, the stationary concentrations of the variables in
numerical model, substantial oscillations in acetaldehydé¢he reduced model were identical to those in the 9-variable
arose in the absence of such oscillations all along thenodel.
backbone of glycolysis suggested to us that this observation The stability of the steady state was analyzed by calcu-
was not due to experimental error, hence worthy of dating the eigenvalues of the Jacobian matrix of the 6-vari-
nontrivial explanation. In coming up with the explanation, able model. For the set of reference parameters, the result is
we were inspired by the rule of thumb that the relativeshown in Fig. 5 for N. Again, the steady state was stable for
amplitude of a driven oscillation should be smaller than thatsmall degradation rates and unstable for higher ones. The
of the oscillation driving it (Richard et al., 1996a). We region of stability exceeded that of the 9-variable model
propose that the oscillations originating around phosphofsee Fig. 5).
fructokinase engages the adenine nucleotides and especiallyFor the degradation rate, = 80.0 min *, we investi-
their concentration ratio (ATP/ADP) in an oscillation of gated the dynamics of the reduced model and compared it to
substantial amplitude. Coupling between the oscillations irthe corresponding behavior of the 9-variable model. By
ATP hydrolysis free energy and the oscillations in theintegration, we confirmed that the stationary state was un-
NADH redox free energy is proposed to be provided by thestable for that parameter set. Moreover, we found a stable
GAPDH and PGK reactions. Further down glycolysis, thelimit cycle with an oscillation period of = 0.104 min. In
alcohol dehydrogenase reaction should likewise couple osfFable 3, the corresponding mean values and relative ampli-
cillations in the NADH/NAD ratio to oscillations in the tudes of the oscillating metabolites are given. The mean
concentration of acetaldehyde (cf. Richard et al., 1996a)values were in the same order of magnitude as in the
The oscillations in acetaldehyde should then mediate inter9-variable model. The relative amplitudes were somewhat
cellular synchronization, implying that, in the neighboring reduced compared to the ones in that model, but were still
cells, there is an influence from the bottom of glycolysis (atmuch higher for $and A; than for the other metabolites.
the alcohol dehydrogenase reaction) back up, ultimately t@’he phase shifts of NADH and ATP amounted to 146°, that
phosphofructokinase. The validity of the rule of thumb canof NADH and external acetaldehyde to 162°. The phase
only be proven for systems in the Onsager realm (Richard ethifts were not affected much by the model reduction.
al., 1996a), which the present system is not. Consequently, Importantly, § oscillated due to the primary oscillations
the feasibility of this mechanism for the propagation of thearound reactiow,: oscillatory dynamics had traveled from
dynamics within the cell requires proof. We first set out tov; to S; at fixed concentrations of S S,, and S. This
test the hypothesis that the oscillating signal can be trangroves that the dynamics need not spread through the back-
duced through the pathway, through coupling of the oscilbone of glycolysis, but can do so through the ATP/ADP and
lations in NADH redox free energy and oscillations in the NADH/NAD coenzymes. In addition, the rule of thumb of
Gibbs free energy of ATP hydrolysis, bypassing the carbomelative amplitudes continued to apply (cf. Table 3).
metabolites of the lower part of glycolysis. To this aim, the The fixation of S, S,, and $ to their steady-state values
concentrations of the carbon metabolites in the lower part ofaused an imbalance of the time-averaged fluxes beyond the
glycolysis were fixed in the model. If the above hypothesissteady state, i.e., in the case of oscillations. We therefore
is correct, this should not interfere with the oscillations. also examined a case in which, S,, and § were fixed

The differential equation system for the resulting 6-vari-
able model reads

0.5 T T T T
S=k—V (%9a)
_ 04t —
S=vi—V, (9b)
. S o3l j
jan)
S = I — Vo (9d) E 0.2 - 1
A3 = _2Vl + V3 + V4 - V7 (96) 0.1 B
N2=V3_V6_V8 (gf) 0 | 1 I J
0 20 40 60 80 100

with Eq. 8a—j for the rates, and treating, &,, and § as
(fixed) parameters. By fixing $ S,, and § to the steady-
state Concentratlons3$9)’ _S4(k9)' and Sb(k‘ﬂ) calculated FIGURE 5 Steady-state concentration of NADH in the 6-variable model
from the 9-variable model, it was ensured that the pathways a function ok,. Thick lin stable steady statehin line, unstable steady
remained balanced as a whole in the stationary state. Actate. Parameters as in Table 1.

ke [min™"]
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TABLE 3 Time Average and Relative Amplitudes Obtained 0.44 T T T
for the 6-Variable Model
Mean Relative
Concentration Amplitudes 043 L i
Metabolite (mM) (%) ’
S, 0.96 34.4
S, 5.10 6.7
Ss 0.07 3.0 5 042 - B
S 0.02 2.6 £
As 2.21 19.4 5
ALA, 1.30 40.1 g A
N 0.42 4.0 Z 041 i
NL/N, 0.71 6.9 B
Parameters as in Table 1. C
S;—S; were kept fixed as indicated in the text. 04 L 4
' D
such that the time averaged fluxes were balanced. This ¢.39 ! L ! ‘
required 0.39 04 0.41 0.42 0.43 0.44
NADH; [mM]
T _ FIGURE 6 Integration of two interacting cells. Shown are the NADH
(2V2 — Vs VB) dt =0, (10a) concentrations in both cells. The initial phase shift vanishes and the cells
0 synchronize in time. Parameters as in Table 1,kd 80 min™*, and S,
S,, S fixed to the steady state values. A, B, C, and D are subsequent
- snapshots, i.e., after 0, 1.5, 3.5, and 29.5 min, respectively.
0
DISCUSSION
and

We have compared oscillations in a model for glycolysis to

- a model in which the metabolites in the lower part of
J (v, — V) dt = 0, (10c) glycolysis are fixed. Both models are core models, i.e., they
have a limited number of variables and are intended to study

essential features of the glycolytic oscillations. The param-

where T is the oscillation period. When these conditions &€rs were adapted to reproduce experimentally observed

10a—c were fulfilled, the oscillations persisted. For the sefVerage fluxes and concentrations. The amplitudes and
S, = 0.53393 mM, $ = 0.56646 mM, § = 8.35040 mM phases of the oscillating metabolites matched the experi-

for instance, the modulus of all above integrals was smalleff€ntal data qualitatively. The period of the oscillations was
than 0.05% of the average flux through the pathway. shorter than was observed experimentally, but this may be
related to the absence of saturability in most rate equations.

Using the second model, we have demonstrated that
oscillations in acetaldehyde can occur in a model where the
concentrations of the carbon metabolites in the lower part of
glycolysis are fixed. This result shows that it is possible to
We also asked if, in the absence of oscillations in thetransduce the oscillations from the oscillation nucleus of the
glycolytic backbone, the cells would be able to synchronizemodel (i.e., the HK-PFK reaction) to acetaldehyde solely
We considered two cells that were taken identical withvia coenzyme oscillations. The latter consisted of oscilla-
respect to the stoichiometry, kinetics, and permeabilitytions in the ATP/ADP ratio and oscillations in the NADH/
properties. Two cells at different phases were made to shafdAD ratio. The coenzyme oscillations were coupled
their extracellular acetaldehyde concentration. The time inthrough GAPDH and PGK. By engaging alcohol dehydro-
tegration is shown in Fig. 6. The initial phase shift vanishedgenase, the oscillation in NADH/NAD led to an oscillation
and the cells synchronized, demonstrating that synchronin extracellular acetaldehyde concentrations—bypassing
zation could be accounted for by the model. For furtherthe lower part of the carbon skeleton of the pathway.
investigations of the intracellular coupling of glycolytic  For biology, it is important that intracellular reaction
oscillations in yeast cells, see Bier, et al. (2000) and Wolfnetworks engage in functional behavior. Often this means
and Heinrich (2000). that a steady flux or concentration should be produced. In

0

The transduction of the dynamics
between the cells
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other cases, a steady oscillation is functional. In almost altation is possible despite the fixing of the metabolite con-
cases, the dynamic behavior should be robust, i.e., not beentrations of the lower part of glycolysis.

abolished by spurious challenges deriving from fluctuations For high trapping rates, the cells communicated only
in external parameters or internal variables. Such robustnessowly via the exchange of acetaldehyde. The individual
is achieved by virtue of the sensitivity (elasticity (Burns etcells continued to oscillate, but synchronization activity
al., 1985)) of the processes to the concentrations of theeased to exist. Macroscopically, this could appear as a
metabolites. The networking of the intracellular concentrasteady-state situation. The modeling results offer a possible
tions via the molecular processes returns the system to itxplanation for the experimental finding that, macroscopi-
original state after a temporary perturbation (Westerhoffcally, no sustained glycolytic oscillations can be detected
and Van Dam, 1987), or to a nearby state upon a smallyhen the cyanide concentration exceeds a certain value in
sustained modulation. The networking cannot be readilthe medium (Richard et al., 1994). Indeed, our results con-
determined for systems at steady state, but a system Wiffym that the trapping rate of acetaldehyde plays a crucial
oscillations offers unique possibilities, both in terms of rgle in the occurrence of the sustained oscillations in gly-
relative amplitudes and in terms of phase relationships. Foéolysis. The trapping is important not only for intercellular
the system of yeast glycolytic oscillations, we have heresigna) transduction, but also for oscillations in a single cell.
achieved an understanding of the dynamic networking. Wesystained oscillations were only found for values kgf
have shown that, in essence, oscillations arising aro“n@acetaldehyde trapping rate) higher than a critical value,
phosphofructokinase propagate through the system via thghereas, for lower values &, the steady state was always
ATP/ADP ratio, the NADH/NAD ratio and the intracellular g¢apie This corresponds to the experimental findings that
acetaldehyde concentration to the intercellular acetaldehyq’ﬁacroscopic oscillations in populations of intact yeast cells

concentration. In addition, we have demonstrated that thgan be induced by certain trapping rates of the coupling
dynamics propagates into other cells in the same SUSpenSi%rl‘Jbstance acetaldehyde by addition of certain concentra-

to the extent of synchronizing them. Of course, the demonﬁons of cyanide to the medium (Richard et al., 1994).

stration was for the mathematical replicon of the experi- The early days of the analysis of the control and regula-

?Xergﬁ:nsg;ttser:uongétbt%t;thtehjm::)arg'sisdbnigﬁizgiggd;l arr;(%ion of cellular processes were dominated by the oversim-
P 99 prop PrBjification that they should be controlled by single rate-

agatlpn of the dynamics also appllles o the _yeast cell su imiting steps. For metabolic fluxes at steady state, it has
pension. Thus, we may have achieved the first demonstra-.

. . . . ; since become clear that biology is more sophisticated than
tion of the traveling of dynamics down a chain of intra-and_, .~ -

. this; control of flux tends to be distributed (Jensen et al.,
intercellular processes.

Our approach of fixing the concentrations of some me_1995; Fell, 1997). Although the important role of phospho-

tabolites may be used in general to distinguish metaboIiteHUCto:('nabSe n g:]yCOnyr']s ,:ntﬁy have suggestded ottherV\tnsle,ﬂl]t
that are important for an oscillation (masters, or communi- as aiso been shown that this enzyme need not control the

cators) from metabolites that fluctuate as the result of ar?sc[llzlalnons. AIISO’. hehre, fthe S|tuat|ondturne? o;t to be p(I)I-
oscillation that originates elsewhere (mere slaves). Fixindentially complexin that frequency and amplitude may we
e controlled to different extents by different molecular

the latter should have no effect on the oscillation itself. Th : -
rocesses; there is no such thing as the controller of glyco-

concentrations must be fixed in such a way that the averag% - = L ) _ )
fluxes remain balanced during the oscillation. It is not!Ytic oscillations (Bier et al., 1996; Teusink et al., 1996).

unconceivable that application of the approach to models of "€ Present paper elucidates another tier of the richness of
synchronizing intracellular calcium oscillations may also Piochemical phenomena, i.e., the fact that various steps may
enhance the understanding of the networking in that systefgontribute to the propagation of oscillatory dynamics
(e.g., Hder, 1999). through a system and to the synchronization of the oscilla-

In an earlier investigation, it was shown that a sufficienttions. In this case, the important steps were a bit unexpected,
interaction between living cells may lead to coordinatedbecause glycolytic oscillations might be expected to be
behavior. The latter may consist of synchronous or regulagonfined to the carbon pathway of glycolysis itself.
asynchronous oscillations (Wolf and Heinrich, 1997). For Control of the oscillations does not only address fre-
very weak or no interaction, a conservation of the initialquency and amplitude: the observed synchronization im-
phase shift of the two cells is expected. The earlier workplies that, also, the relative phase of the oscillations of two
was for a highly simple model that was not directly com- cells became a controlled property. That biology is this
parable to the oscillations that occur in yeast. The 9-parameomplex may be unattractive from the point of view of
eter model used here is highly representative of the glycoelementary physics, but it is quite in line with the robustness
lytic pathway in yeast cells and confirmed the conclusiongrequired of living organisms. Also, may attract those inter-
of the earlier work in that the coupling of two identical cells ested in thorough and functional biocomplexity. Much ex-
can lead to synchronization of the oscillations. The 6-paperimental and theoretical work may lie ahead here
rameter model then showed that the intercellular communi{Westerhoff et al., 1999).
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That the coenzymes are engaged in the oscillations igahn, D., and H. V. Westerhoff. 1993. The regulatory strength: how to be
even more surprising in view of their involvement in many precise about regulation and homeosta&ita Biotheor.41:85-96.
other aspects of cell function. The oscillation of the ATP/Markus, M., D. Kuschmitz, and B. Hess. 1984. Chaotic dynamics in yeast
ADP ratio is Iiker to be felt by a great variety of processes. glycolysis under periodic substrate input fIBEBS Lett.172:235-238.

; Richard, P., B. Teusink, H. V. Westerhoff, and K. Van Dam. 1993. Around
Although both ATP hydrolysis free energy and NADH the growth phase transitio8. cerevisias make-up favours sustained

redox free energy oscillate (180° out of phage), the ceII§ did oscillations of intracellular metaboliteSEBS Lett.318:80—82.

I’?Ot, however, run out of free. energy. Durmg the OSCIIIa"Richard, P., J. A. Diderich, B. M. Bakker, B. Teusink, K. Van Dam, and
tions, the energy charge remained above 0.5. The ATP/ADP H. v. Westerhoff. 1994. Yeast cells with a specific cellular make-up and
ratio remained well above 0.7. Apparently, sustained oscil- environment that removes acetaldehyde are prone to sustained glycolytic
lations in Gibbs energy are compatible with continued cell ©cllations.FEBS Lett341:223-226.

function. Termonia and Ross (1981) have predicted thigtichard, P., B. Teusink, M. B. Hemker, K. Van Dam, and H. V. Wester-
hoff. 1996a. Sustained oscillations in free-energy state and hexose

frolm modeling regults and have even suggested that oscil- phosphates in yeasteast12:731—740.
lations may benefit the thermOdynamIC efﬁCIenCy of the Ce”Richard, P., B. M. Bakker, B. Teusink, K. Van Dam, and H. V. Westerhoff.

operations. 1996b. Acetaldehyde mediates the synchronisation of sustained glyco-
lytic oscillations in populations of yeast cellEur. J. Biochem235:
238-241.

Wwe thantk Bob Kooij and Bas Teusink for critical reading and for Sel'kov, E. E. 1975. Stabilization of energy charge, generation of oscilla-
comments. tion and multiple steady states in energy metabolism as a result of purely
stoichiometric regulationEur. J. Biochem59:151-157.
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