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SWITCH-LIKE BEHAVIOUR is a com-
mon strategy used by biochemical and
cellular systems to turn a graded signal
into an all-or-nothing response1. Various
mechanisms underlie such behaviour2.
One such mechanism (multistability)
corresponds to a true switch (i.e. a true
discontinuity) between alternate steady
states. Multistability has certain unique
properties that are not shared by other
mechanisms of integrative control and
that almost certainly play an essential
role in the dynamics of living cells and
organisms.

The lactose operon: an early example of a
bistable system

Although it was not analyzed as such
at that time, the lactose operon in
Escherichia coli was one of the first 
examples of multistability. Briefly, a
small sugar molecule (allolactose, the
‘inducer’) binds to a protein (the lactose
repressor), which closely interacts with
DNA and prevents the binding of the
RNA polymerase enzyme, thereby block-
ing transcription of a set of genes (the
operon). When allolactose reaches a
threshold concentration, it induces a
conformational change in the repressor
protein, which loosens its hold on the
DNA, thus allowing the transcription of
the operon. One of these genes codes

for a specific permease that promotes
the passage through the membrane of
both b-galactoside and allolactose. This
results in an increase in allolactose con-
centration and the production of more
permease: this system is autocatalytic.
It also has the characteristics required
for a bistable switch between induced
and uninduced steady states: induced
cells metabolize lactose, whereas un-
induced cells do not. Indeed, such a
transition was observed in experiments
by Novick and Wiener3, and Cohn and
Horibata4, described below.

A large amount of allolactose was
added to the extracellular medium of a
culture of uninduced E. coli bacterial
cells. The culture was split into two
parts, U and I; part U was diluted imme-
diately, decreasing substantially the
extracellular concentration of allolactose.
The dilution of part I was delayed for 
several minutes, so that the extracellular
concentration of allolactose remained
high. Cells in subculture U remained
uninduced, whereas the cells in sub-
culture I were induced. Growing subcul-
tures were then serially diluted with
medium containing a low concentration
of allolactose. The result was that U 
remained uninduced and I became in-
duced. Hence, a phenotypic change was
inherited following a transient signal, a
high concentration of allolactose.

Allolactose is unable to establish the
induced state over a wide range of extra-
cellular concentrations5 but is able to
maintain it, once it has been induced.

This is one of the special properties of
bistable systems: once a signal has
reached a threshold value, the system
switches to the alternate steady state and
remains in that state, even if the level of
the signal falls below the trigger value.
According to Ferrell2, a bistable system
behaves like a light switch: once you have
flipped the switch, you can let go and the
light stays on. There is a true discontinu-
ity in the stimulus–response curve and
an intermediate response is impossible. In
the case of the lactose operon, the stimu-
lus depends on the extracellular concen-
tration of allolactose and the time of ex-
posure of the cells to this signal. Suitable
combinations of these two factors cause
the inducer to reach its trigger concen-
tration within the bacterial cell. The
overall consequence is that two popu-
lations of cells of E. coli with the same ge-
netic material but differing in their adap-
tation to galactoside consumption remain
different, even if placed in the same envi-
ronment. Ferrell showed1,2 that a mono-
stable, ultrasensitive system could, in
principle, exhibit a sigmoidal-response
(i.e. switch-like) curve that would be
hard to distinguish from a discontinuous,
bistable response. Moreover, a cascade
of sigmoidal responses could produce
an overall switch-like response that was
essentially a step function. However, in
switch-like mechanisms, differential be-
haviour is maintained only if the signal
remains at or above the trigger value: if
the stimulus is decreased, the system 
returns to its original position; when you
stop pushing a doorbell, it stops ringing.

Can the phenotypic differentiation
observed in bistable systems be re-
versed? Suppose that growing induced
E. coli cells (subculture I) are now serially
diluted over numerous generations in a
medium containing no allolactose at all.
The intracellular concentration of allo-
lactose in the progeny will diminish pro-
gressively, probably due to both cell di-
vision and metabolic degradation. When
the allolactose concentration becomes
sufficiently low to induce the confor-
mational change in the repressor protein,
the protein is then able to bind to DNA
and block the transcription of the lactose
operon. The cells and their progeny be-
come uninduced. Reversion is observed
once the extracellular concentration 
of allolactose falls below a non-zero
threshold. This threshold value is differ-
ent from the one required for the for-
ward transition. This property is known
as hysteresis: a bistable system has the
potential to ‘remember’ a stimulus long
after the stimulus has been removed.
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The idea of discontinuous transitions
between different states was demon-
strated by Cohn and Horibata4 in their
experiments on the lactose operon. The
general principle was formulated by
Delbrück in 1948 (Ref. 6) but the theo-
retical and mechanistic foundations of
multistability were not described until
1971, by Glansdorff and Prigogine7. They
performed a general analysis of non-linear
equations driving open systems – sytems
that exchange energy and matter with their
environment – and derived conditions for
the occurrence of multiple steady states,
which arose beyond the point of insta-
bility of one branch of solutions of the
kinetic equations. Threshold transitions
in multistable systems were shown to
occur in non-linear systems maintained
sufficiently far from equilibrium.

Mechanisms of bistability of the lac operon
To find the constants involved in the

dynamics of the lactose operon, the rela-
tion between the intracellular concen-
tration of allolactose [a]i and time (t)
needs to be expressed. This rate corre-
sponds to the algebraic difference be-
tween the rate of the process that pro-
duces intracellular allolactose (vin) and
that of the processes that remove this
species (vout).

Net rate 5 d[a]i/dt 5 vin 2 vout (1)

Two separate processes remove free
intracellular allolactose: its binding to
the repressor (rate vbind) and its
catabolism (rate vcatab). As neither of
these removal processes is regulated by
ai, the corresponding rates can be as-
sumed to be simply proportional to [a]i
(the coefficients of proportionality, kbind
and kcatab, are the respective first-order
rate constants, with k 5 kbind 1 kcatab):

vout 5 vbind 1 vcatab 5

kbind [a]i 1kcatab [a]i 5 k [a]i

(2)

The situation is a little more complex
(and more interesting) for the rate of
production, vin. Of course, vin is propor-
tional to the concentration of inducer in
the extracellular medium [a]e. However,
ai indirectly activates the entry of exter-
nal allolactose into the cell. For a given
concentration of external inducer, the
rate vin has a sigmoidal dependence on
[a]i. Such a response is well approxi-
mated by the empirical Hill equation2:

Response 5 (3)
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A slight modification is re-
quired to adapt this equation
to the specific situation of the
lac operon. It is the problem
of the chicken and the egg:
which came first? If there is
no permease at all, the first
molecule of allolactose can
never enter the cell, indepen-
dent of the concentration of
inducer in the extracellular
medium. Two possible mecha-
nisms could break this vicious
circle: either the operon is
not strictly repressed in the
absence of inducer, or the in-
ducer can slowly diffuse in
the absence of permease. This
corresponds to the parameter
k0 in the following Hill-like
equation (Eqn 4) governing
the input rate, vin:

Figure 1a shows the re-
spective dependence of vin
and vout on the intracellular
concentration [a]i of free in-
ducer. Now, the difference 
between production and 
removal processes for [a]i
(i.e. the net rate) can be cal-
culated for all values of [a]i
(Fig. 1b). Thus, the ‘hidden
constants’ that govern the
regulation of the lactose
operon correspond to the 
intercepts between [a]i input
and output graphs. There are
three values of [a]i for which
the net rate is zero (Fig. 1b).
These values define three
steady states for the system,
labelled SS1, SS2 and SS3. The
stability properties of these
stationary states can be in-
vestigated simply by deter-
mining whether an infinitesi-
mally small deviation in [a]i
from each of these steady
states either decays or grows
with time (Fig. 1c). Small fluc-
tuations disappear around
the SS1 or SS3 steady states,
which correspond to extreme [a]i,
whereas they are amplified around the 
intermediate SS2 steady state. Thus, SS1
and SS3 act as attractors (they are stable
steady states), whereas SS2 behaves like
a repellor (this state is unstable).
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The level of transcription of the lac
operon depends directly on [a]i. Hence,
the two stable steady states of the sys-
tem correspond to two quite different
regimes of lactose consumption. In the
SS1 steady state, [a]i is low: the repressor
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Figure 1
Dynamic behaviour of the lac operon. (a) Individual
rates of production (vin) and removal (vout) processes of
unbound intracellular allolactose (ai). Corresponding
kinetic laws are described in the main text. The curves
were obtained using the following set of parameter 
values: k 5 1, n 5 3, K 5 5, k0 5 0.1, [a]e 5 3 (arbitrary
units). (b) Net rate of ai-production as a function of
[a]i. The net rate of aI production is the algebraic 
difference between production (vin) and removal
(vout 5 vbind 1 vcatab) processes for ai species, as
shown in (a). Steady-state conditions correspond to
[a]i for which the net rate of aI production is zero. (c)
Analysis of the local stability properties of the three
steady states SS1, SS2 and SS3. The local stability
properties of the system are examined by producing
slight perturbations in [a]i (red arrows) around each of
the three steady states. For example, the perturbation
2d[a]i from the steady state SS1 or SS3 caused the
system to reach a state in which vin is greater than vout
(i.e. the net rate of ai production is positive). Thus,
more ai is produced than is removed, i.e. the fluctuation
2d[a]i will disappear. Small fluctuations disappear
around SS1 or SS3, whereas they are amplified around
SS2. Thus, SS1 and SS3 are stable steady states
whereas SS2 is unstable. Abbreviations: [a]e, extra-
cellular concentration of allolactose; [a]i, intracellular
concentration of allolactose.
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protein is bound to DNA and the operon
is repressed. In contrast, the high [a]i in
the SS3 state facilitates binding of the 
inducer molecule to the repressor pro-
tein, thereby removing it from the DNA.

Of course, steady-state concentrations
of ai represent constants of the system
only for a given set of parameters. To
understand fully the behaviour of the
lac operon, the steady states must be
described when [a]e is changed. This 
involves the calculation, for any [a]e, of
the value(s) of [a]i:

Net rate 5 d[a]i/dt 5 vin 2 vout 5 0 (5)

The corresponding steady-state 
values of [a]i are thus the roots of the
equation:

(6)

Numerical methods can be used to
solve this equation for [a]i, for a given set
of parameter values (k0, k, n and K) and
for [a]e. For low values of [a]e (in the
range 0–B, blue region in Fig. 2), the sys-
tem has only one steady state, which 
corresponds to a low [a]i. In these condi-
tions, the operon is repressed. For a very
high [a]e (above point F, yellow region in
Fig. 2), the system still has only one
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steady state but this steady state corre-
sponds to a high [a]i (i.e. the operon is
derepressed). At intermediate [a]e values,
the repressed and derepressed stable
steady states coexist (regions B–D and
E–G of positive slope in Fig. 2) together
with an intermediate unstable steady
state (region D–E with negative slope in
Fig. 2), as in Fig. 1. The external concen-
tration of allolactose [a]e is initially very
low (the lac operon is repressed, point 
A in Fig. 2), a continuous increase in [a]e
occurs; [a]i remains low, rising slowly
until the threshold value D of [a]e is
reached. However, if [a]e exceeds the
threshold value (point D), the system
jumps suddenly from point D to point F:
the lac operon becomes derepressed.
Thus, a strong discontinuity appears for
the steady-state concentration of ai, 
following a continuous increase in [a]e

Hence, the binary response is not a 
result of the on/off state of transcription
of the lac operon. Instead, this behaviour
results purely from the dynamics of the
operon’s regulation producing a true 
discontinuity in the stationary concen-
tration of internal allolactose.

Consequences of hysteresis on the
occurrence of the reverse transition

If the system is in one stable steady
state and is then acted upon to bring it
above the threshold, it will then settle

into the other stable steady state and 
remain there, even if the level falls back
below the threshold (Fig. 2). Let us sup-
pose that, starting from a situation in
which [a]e is very high (the lac operon is
derepressed, point G in Fig. 2), a continu-
ous decrease in [a]e occurs (white ar-
rows in Fig. 2). Once again, a switch is ob-
served between the derepressed and
repressed states, but the ‘jump-like’ tran-
sition (between E and B) occurs for a
lower threshold value of [a]e than that
which triggered the forward transition.
Hence, threshold values of [a]e are differ-
ent for the forward and backward
switches. From an experimental point of
view, observation of distinct threshold
values upon continuous forward and
backward variations of a control param-
eter is the best test to demonstrate the ex-
istence of a reversible bistable transition.

Consider now the situation in which
[a]e corresponds to the ordinate of points
D and F. What governs the choice between
the repressed and derepressed states for
this particular value (and for all values
of [a]e corresponding to the pink region
in Fig. 2)? This choice depends entirely
on which branch of stability the system
was in before the control parameter
reached its present value (black or grey
arrows): the system ‘remembers’ the
characteristics of its previous state.

The properties of such a bistable sys-
tem go profoundly against the common
beliefs and experimental protocols of mol-
ecular biologists. First, as shown above,
the difference between the induced and
uninduced regimes of the lac operon 
corresponds to a difference in the cellular
environment of the operon, [a]i, and not
to the molecular properties of the lac
operon itself. Second, for a given set of
environmental conditions, the lac operon
system can adopt either of the regimes
of lactose consumption, although there
has been no change in the molecular
characteristics of the genes. Third, the
history of the system is the true deter-
ministic key: it is not genetically coded
but the direction of change of the variable
that is remembered. This event is not ge-
netically coded as this variable is environ-
mental with respect to the structural
components of the operon.

A ubiquitous property of living systems
In an open system, multistability might

arise if the rate of a regulated process is
a non-linear function of the concentra-
tion of the regulator. In fact, the control
of gene expression or of enzymatic activ-
ities (e.g. as a result of allosteric interac-
tions) is almost always non-linear. Hence,
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Figure 2
Jump-like transitions, threshold effects and hysteretic behaviour on the trajectory of steady
states of the lac operon upon variations in the extracellular concentration of allolactose,
[a]e. The trajectory of steady states was obtained as explained in the main text. Stable
steady states correspond to the parts of the trajectory that have a positive slope (parts
0–D and E–G). Thus, upon [a]e variation (arrows), the system undergoes a transition from
one stable solution to the other (horizontal dashed lines). However, the transitions occur for
different threshold [a]e values, according to the direction (black or grey arrows) of move-
ment along the trajectory: the system remembers the characteristics of its previous state
(hysteretic phenomenon).
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the differential equations describing the
changes over time of the related molecu-
lar species are themselves non-linear.

Several distinct elementary kinetic
schemes with non-linear regulation
(Fig. 3) have been shown to exhibit
bistable behaviour. These schemes were
applied to interpret the dynamics of vari-
ous biochemical and cellular processes.
For example, a scheme was proposed8–10

as a plausible mechanism explaining the
diversity of post-translationally modified
microtubules in a cell, without appealing
to any putative compartmentalization of
enzymatic activities responsible for the
various modifications (Fig. 3b). Two dis-
tinct pathways of differentiation (e.g. v1
and v2 rates correspond to acetylation
and detyrosination, respectively) are as-
sumed for the unmodified form of micro-
tubules (X), which are formed at the rate
vin. By plotting the net rate of X-produc-
tion (net rate 5 vin 2 v1 2 v2) as a func-
tion of X concentration, the same curve
as that given in Fig. 1b was obtained. The
two alternate steady states of X are
associated, respectively, with flux inten-
sities that are predominantly oriented
towards one or the other of the path-
ways of differentiation (v1 or v2). When
vin is considered as a variable, a curve
similar to that of Fig. 2 is obtained. Thus,
scheme (b) gives the same bistable 
behaviour (hysteretic switch between
two distinct pathways of microtubule
modifications) as that described in the
case of the lac operon. Scheme (b) was
also proposed to describe excitability in
biochemical systems11.

Several theoreticians12–15 have shown
that the conversion mechanism thought
to account for prion propagation corre-
sponds to a bistable system (Fig. 3a). In
this case, the hysteretic shift occurs be-
tween a normal steady state (in which
the concentration of the normal isoform
X of the prion protein is high and the
concentration of the pathogenic isoform
Y of the protein is low) and a pathogenic
steady state (in which the pathogenic
isoform Y is highly concentrated). In
this model, which agrees with the ‘pro-
tein only’ hypothesis of prion diseases,
the pathogenic isoform Y would multi-
ply by converting X into Y.

More complex schemes are also able
to display bistability. Examples include
substrate cycles in which two distinct
enzymes catalyze reverse reactions16,17

and parallel enzymatic pathways that
are cross-regulated, such as the regu-
lation of synthesis of proteins18 in a 
simple Monod–Jacob model19. Such a
model has been used to interpret the

switch between lytic and
lysogenic states in the infec-
tion of E. coli cells by bac-
teriophage l (Ref. 20). As in
other situations, non-linear
regulation (e.g. product acti-
vation or substrate inhibition)
must occur in the course of
one of the reactions involved
in these schemes.

Multistability with irreversible
transitions and non-connected
branches

During the past decade, a
second type of bistable pro-
cess, irreversible bistable
transitions, has been discov-
ered. This occurs if one
branch of a stable steady
state is not connected to the
other stable branch and such
a situation arises if one limit
point vanishes or ceases to
be physically accessible to
the system. In such cases, the
transition is irreversible be-
cause the system is not able
to switch back to its previous
steady state if the pertur-
bation is reversed. If both limit
points disappear or are no
longer physically accessible,
branches of stable steady
states cease to be connected
by hysteretic transitions. The
system then selects one
mode of operation in an irre-
versible manner, at least for a
given set of parameter values.

Irreversible transitions be-
tween multiple steady states
have been studied theo-
retically in a variety of bio-
chemical reactions21–25. Experi-
mental evidence for the
phenomenon has also been
obtained in several in vitro
biochemical systems26–28. For
an open bi-enzymatic system
that consists of isocitrate de-
hydrogenase (IDH), which is
regulated by negative feed-
back, and diaphorase, which
catalyzes the reverse reaction
(regarded as Michaelian),
Guidi et al. have shown29,30

that reversible and irreversible bistabil-
ities can be observed sequentially as a
given control parameter (the ratio R of
IDH to diaphorase concentrations) is
continuously increased. The two alterna-
tive steady states correspond to a low
and a high concentration of NADPH (the

reduced form of nicotinamide–adenine
dinucleotide phosphate), respectively.
For the highest values of R, the system
has only one steady state. Reversible
bistability with hysteresis is observed
for intermediary values of R. For lowest
R values, the higher limit point bounding
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Figure 3
Some elementary regulated schemes generating
bistable behaviour. Multistability might arise if the rate
of a regulated process is a non-linear function of the
concentration of the regulator. The non-linear regu-
lation can be either activation (1 green arrows) or 
inhibition (2 red arrows). In the prion propagation
model (a), vin and v2 correspond to the synthesis and
degradation of the cellular, normal isoform of the prion
protein (X), respectively. Alternatively, they could repre-
sent the rates of entrance and exit into vesicular com-
partments in which the conversion into the pathogenic
form Y would occur. The conversion of X into Y (rate v1)
corresponds to an autocatalytic reaction with a non-
linear amplification factor. Output of Y (rate v3) corre-
sponds to the formation of insoluble aggregates of the
pathogenic isoform of the prion protein. (b) Post-trans-
lational modifications of microtubules. Input reaction
(zero-order process vin) corresponds to stabilization
(via the binding of microtubule-associated proteins) of
unmodified microtubules X. The v1-reaction is catalyzed
by an enzyme that is regulated by an ante-inhibition
loop (the enzyme is inhibited by an excess of its sub-
strate). The alternative biochemical pathway of X evo-
lution (v2-reaction) is assumed to correspond to a non-
regulated, first-order reaction. (c) Lac operon dynamics.
In this case, X represents the intracellular concentration
of allolactose, [a]i. The rate of production of intracellular
allolactose, ai, (vin) is dependent on [a]i, which indirectly
activates the entry of extracellular allolactose, ae, into
the cell. Intracellular allolactose is removed by its binding
to the repressor (vbind) and its catabolism (vcatab).
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the domain of bistability vanishes by
going to infinity. As a consequence, the
system can no longer switch from the
lower to the higher steady state (although
the reverse transition is still possible).

Irreversible bistability might well be
of physiological significance. For exam-
ple, it could be one of the basic mecha-
nisms involved in the processes of cell
differentiation. Tissue-culture studies
have demonstrated that stem cells re-
member their specialized character
(even in isolation) and pass it on to their
progeny. Even if environmental condi-
tions do not allow them to express their
specialized character, they do not
‘de-differentiate’. Under normal condi-
tions of embryonic development, differ-
entiated states appear to be locked and
the specialization persists after the in-
ducing conditions have been removed.
The mechanism is unclear but probably
depends on some kind of positive feed-
back loop in the cell’s internal system
for controlling gene activity. Hence, in
terms of dynamic stability, cell differen-
tiation reflects irreversible transitions
between steady states. However, early
studies by Gurdon31 on nuclear trans-
plantation in unfertilized amphibian
eggs have shown that heritable differ-
ences in gene expression observed in
specialized cells can be reversed under
proper environmental conditions. The
same is true in mammals, as proved by
cloning experiments in sheep by Wilmut
et al.32 One can imagine that some fac-
tors in the cytoplasmic environment
play the role of the R parameter in
Guidi’s molecular model and unlock the
differentiated state by making branches
of stable steady states connected 
by hysteretic transitions, making the 
reverse transitions possible.

From microscopic to macroscopic level
Although speculative, the interpre-

tation of the mechanism of cell dif-
ferentiation as a sequence of transitions
between intermediate stable steady
states suggests a possible means of uni-
fying systems described at the molecu-
lar level and those described at the
macroscopic level. Although the com-
plexity of the analysis increases dramati-
cally with the number of variables in-
volved, in most cases it should be
possible to understand the essential
qualitative features of complex biologi-
cal processes in terms of a small num-
ber of crucial variables. For example,
Thomas33 has shown how to treat a regu-
latory network as a set of its interacting
circuits rather than as a set of all of its

individual elements, with the aim of de-
veloping an overall view of the possible
dynamics of the network. In this view,
several fundamental cellular processes
have been considered as transitions
between multistable steady states34,35.
Tyson36 and Novak37 have shown that
the cell biologist’s notion of ‘checkpoint’
in the cell cycle can be interpreted as a
stable steady-state solution of the differ-
ential equations; these checkpoints are
imposed and lifted by bifurcations be-
tween stable steady states of the dy-
namic system. Segel and Jäger38 have
shown that dynamic models of the im-
mune system exhibiting multiple steady
states are remarkably predictive. In the
use of T-cell vaccination to combat auto-
immune diseases, the model predicted
that although a high dose of effector
cells causes disease, an even higher
dose might lead to vaccination. This
counterintuitive prediction was later
verified experimentally39.

As discussed for the lactose operon,
multistability might sometimes have
been observed but misinterpreted. In
contrast to other expressions of the regu-
lation of dynamic systems such as oscil-
latory or chaotic behaviour, the experi-
mental characterization of multistability
requires not only observation of the sys-
tem but also action on it in a well-defined
way (e.g. by varying one control param-
eter, back and forth). Theoretical studies
have indeed played an important role in
establishing the conditions in which
bistability arises and these conditions
would not otherwise have been easily
recognized or even searched for in the
experiments. The weakness of dynamic
models of complex systems is that some
molecular details are neglected so that
the model can be analyzed and, so, they
cannot be falsified at the molecular level.
However, the molecule is one of our best
models but it is in no sense an ultimate
truth: that means that some properties
(so-called emergent properties) of com-
plex systems cannot be ascribed to the
properties of a particular molecule, but
they result from the interaction between
several molecules acting together. The
strength of dynamic models is that they
can nevertheless be predictive and ex-
plain the nature of change and the organ-
ization of living cells in states higher
than that of the molecule.

Acknowledgements
The authors thank Sina Adl and Julie

Knight for careful reading of the
manuscript and the CNRS and the
Université Paris-Sud for financial support.

References
1 Ferrell, J. E., Jr (1996) Trends Biochem. Sci. 21,

460–466
2 Ferrell, J. E., Jr (1998) Trends Biochem. Sci. 23,

461–465
3 Novick, A. and Wiener, M. (1957) Proc. Natl.

Acad. Sci. U. S. A. 43, 553–566
4 Cohn, M. and Horibata, K. (1959) J. Bacteriol.

78, 613–623
5 Thomas, R. (1998) Int. J. Dev. Biol. 42,

479–485
6 Delbrück, M. (1948) in Unités Biologiques

Douées de Continuité Génétique (Lwoff, A., ed.),
pp. 33–35, Editions du CNRS

7 Glansdorff, P. and Prigogine, I. (1971)
Thermodynamics of Structure, Stability and
Fluctuations, Wiley Interscience

8 Laurent, M. and Fleury, A. (1993) FEBS Lett.
336, 1–7

9 Laurent, M. and Fleury, A. (1996) J. Cell Sci.
109, 419–428

10 Laurent, M. and Fleury, A. (1996) Eur. J. Protisol
32, 134–144

11 Goldbeter, A. and Moran, F. (1987) in The
Organization of Cell Metabolism (Welch, R. and
Clegg, J., eds), pp. 291–306, Plenum Press

12 Laurent, M. (1996) Biochem. J. 318, 35–39
13 Kacser, H. and Small, J. R. (1996) J. Theor.

Biol. 182, 209–218
14 Kepler, T. B. (1997) in Advances in

Mathematical Population Dynamics: Molecules,
Cells and Man (Arino, O., Axelrod, D. and
Kimmel, M., eds), World Scientific

15 Kellershohn, N. and Laurent, M. (1998)
Biochem. J. 334, 539–545

16 Eschrich, K., Schellenberger, W. and Hofmann,
E. (1990) Eur. J. Biochem. 188, 697–703

17 Simonet, E., Bourdillon, C., Gervais, M. and
Hervagault, J. F. (1996) J. Phys. Chem. 100,
19148–19152

18 Babloyantz, A. and Nicolis, G. (1972) J. Theor.
Biol. 34, 185–192

19 Monod, J. and Jacob, F. (1961) Cold Spring
Harbor Symp. Quant. Biol. 26, 389–401

20 Herskowitz, I. and Hagen, D. (1980) Annu. Rev.
Genet. 14, 399–445

21 Hahn, H. S., Ortoleva, P. J. and Ross, J. (1973)
J. Theor. Biol. 41, 503–521

22 Rapoport, T. A. and Heinrich, R. (1975)
BioSystems 7, 120–129

23 Lisman, J. E. (1985) Proc. Natl. Acad. Sci. 
U. S. A. 82, 3055–3057

24 Kaufman, M. and Thomas, R. (1987) J. Theor.
Biol. 129, 141–162

25 Hervagault, J. F. and Canu, S. (1987) J. Theor.
Biol. 127, 439–449

26 Cimino, A. and Hervagault, J. F. (1990) FEBS
Lett. 263, 199–205

27 Frenzel, J., Schellenberger, W. and Eschrich, K.
(1995) Biol. Chem. Hoppe-Seyler 376, 17–24

28 Coevoët, M. A. and Hervagault, J. F. (1997)
Biochem. Biophys. Res. Commun. 234,
162–166

29 Guidi, G. M., Carlier, M. F. and Goldbeter, A.
(1998) Biophys. J. 74, 1229–1240

30 Guidi, G. M. and Goldbeter, A. (1998) Biophys.
Chem. 72, 201–210

31 Gurdon, J. B. (1973) Gene Expression During
Cell Differentiation, Oxford University Press

32 Wilmut, I. et al. (1997) Nature 385, 810–813
33 Thomas, R. (1991) J. Theor. Biol. 153, 1–23
34 Thron, C. D. (1997) Oncogene 15, 317–325
35 Fell, D. (1997) in Understanding the Control of

Metabolism (Snell, K., ed.), Portland Press
36 Tyson, J. J. et al. (1996) Trends Biochem. Sci.

21, 89–96
37 Novak, B. et al. (1998) Biophys. Chem. 72,

185–200
38 Segel, L. A. and Jäger, E. (1995) J. Biol. Syst. 3,

441–452
39 Segel, L. A., Jäger, E., Elias, D. and Cohen, I. R.

(1995) Immunol. Today 16, 80–84


