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Bistability in cell signaling: How to make continuous processes
discontinuous, and reversible processes irreversible
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Xenopuocyte maturation is an example of an all-or-none, irreversible cell fate induction process.
In response to a submaximal concentration of the steroid hormone progesterone, a given oocyte may
either mature or not mature, but it can exist in intermediate states only transiently. Moreover, once
an oocyte has matured, it will remain arrested in the mature state even after the progesterone is
removed. It has been hypothesized that the all-or-none character of oocyte maturation, and some
aspects of the irreversibility of maturation, arise out of the bistability of the signal transduction
system that triggers maturation. The bistability, in turn, is hypothesized to arise from the way the
signal transducers are organized into a signaling circuit that includes positive feeitlzick

makes it so that the system cannot rest in intermediate statdsiltrasensitivitywhich filters small

stimuli out of the feedback loop, allowing the system to have a stable off}ditédes we review two

simple graphical methods that are commonly used to analyze bistable systems, discuss the
experimental evidence for bistability in oocyte maturation, and suggest that bistability may be a
common means of producing all-or-none responses and a type of biochemical mema2p01©
American Institute of Physics[DOI: 10.1063/1.13498%4

One of the key questions of the postgenomic era is how
the biological behavior of cells emerges out of the orga-
nization of regulatory proteins into cascades and net-
works. Here we examine one type of signaling circuit that
can be used by cells to convert continuous stimuli into
discrete responses, and can be used to “remember” a
stimulus long after the stimulus has been withdrawn; in
other words, the circuit exhibits bistability and hyster-
esis. We have hypothesized that a bistable circuit consist-
ing of the Mos, MEK-1, and p42 MAP kinase proteins is
responsible for the all-or-none character ofXenopusoo-
cyte maturation, an interesting example of a cell fate in-
duction process that is amenable to a variety of powerful
experimental approaches. Here we review what is re-
quired to produce a satisfactory bistable signaling circuit,
using two simple graphical methods, and review the ex-
perimental evidence for bistability in oocyte maturation
and other important examples of switch-like biological
processes. Our hope is to introduce biologists to the con-
ceptual basis of bistability, and to introduce nonlinear
scientists to a biological process where bistability appears
to be of critical importance.

I. INTRODUCTION

naling system. Our laboratory’s interest in bistability, and in
the properties of signaling networks in general, have been an
outgrowth of our experimental work oXenopusoocyte
maturation. Maturation is a process of interest to reproduc-
tive biologists, because of its importance for understanding
fertility and contraception, to developmental biologists be-
cause it is an interesting example of cell fate induction, and
to cell biologists because of its historical importance in the
discovery of cell cycle regulators. However, for the purposes
of this review, its main value is that it is a process where it is
unusually easy to examine and manipulate the quantitative
behavior of signal transduction networks, and to learn les-
sons about the emergent properties of those networks that
might apply to other less tractable systems.

Here we will begin with a brief introduction tdenopus
oocyte maturation, and with why it has been hypothesized
that the all-or-none character of maturation and, perhaps the
irreversibility of maturation arise out of the bistability of the
system of signaling proteins that mediates maturation. More
detailed information on the biology and biochemistry of oo-
cyte maturation can be found elsewhé&r& Then we will
introduce two graphical methods that are commonly used for
examining the properties of bistable systems. Finally, we
will review the experimental evidence for bistability Xe-
nopusoocyte maturation and several other important all-or-
none biological processes.

It has been hypothesized that bistability is at the heart of .
important cellular processes like differentiation and cell”A- X€NOPUS oocyte maturation
cycle progressioh-® The purpose of this article is to exam- Like many cell fate decisions{enopusoocyte matura-
ine the basic requirements for a functional bistable cell sigtion is an all-or-none process. This is apparent in experi-
ments where oocytes are incubated with submaximal concen-

aAuthor to whom correspondence should be addressed. Telephone: 636ations of the maturation-inducing stimulus, the steroid
725-0765; Fax: 650 723-2253; electronic mail: james.ferrell@stanford.eddiormone progesterone. Some of the oocytes undergo matu-
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ration and arrest in metaphase of meiosis Il; others fail to (a) Progesterone (b) Progesterone
undergo maturation and remain arrested in a G2-like state. |
However, none of the oocytes arrest in an intermediate state. v Sy
An oocyte either matures or it does not mature, but under Mos " Mos -
normal conditions it does not mature halfway. ; i ¢

In addition, oocyte maturation is essentially irreversible. MEK-1 | MEK-1
The irreversible nature of maturation is apparent from ex- ¢ i ¢
periments where oocytes are incubated transiently with p42 MAPK | p42 MAPK
progesterone. Brief exposure to progesterone will not cause i i i
oocytes to mature. However, after 1-2 h of incubation with v ; Vv
progesterone, most oocytes pass a point-of-no-return. Be- Cdc2-cyclin B Cdc2-cyclin B
yond this point, the oocyte is committed to finishing matura- ¢ ¢
tion.

Likewise, if you were to incubate an oocyte with a sub- Q Q @ @
threshold dose of progesterofgy, 1 nM, the oocyte would G2-phase M-phase  G2-phase M-phase
not mature no matter how long you waited. If you raised the ~ arrest arrest arrest arrest

progesterone concentration above the thresftoldsay, 100  FiG. 1. Schematic view oKenopusoocyte maturation. Oocytes begin in a
nM), the oocyte would mature. But if you then lowered thestable G2-arrest state. The maturation-inducing agent progesterone brings

progesterone concentration to 1 nM, the oocyte would nogbout the activation of the MAP kinase cascade enzymes Mos, MEK-1, and

“ ” . p42 MAPK. The cascade promotes the activation of Cdc2-cyclin B com-
demature” no matter how Iong you waited. Thus, you get plexes. Active Cdc2-cyclin B causes the oocyte to leave its G2-arrest state,

different stimulus/response curves when you increase anghter meiosis I, and then arrest in metaphase of meiosia) ISimple linear
decrease the progesterone concentration. The oocyte exhibitgpiction of the signal transduction system that regulates maturgipA.

hysteresis in its response to progesterone. more realistic depiction, including the positive feedback loops that are hy-

- . . othesized to be critical for producing the all-or-none character of oocyte
There are a number of special, idiosyncratic aspects oﬁ]aturation_ P 9 4

Xenopusocyte maturation that distinguish it from other cell

fate determination processes. For example, some of the

events of maturation can take place in the absence of ger@lance between a MAPK-activating kina@dEK-1) and

transcription, whereas in many other cases cell fate determpne or more MAPK-inactivating phosphatases. Even in

nation depends upon the expression of new sets of genes. BMtphase-arrested mature oocytes, where nearly all of an oo-

in these two basic aspects—the all-or-none character and tlayte’s p42 MAPK molecules are active, the phosphates are

irreversibility of the process—oocyte maturation is an absostill turning over about once every 5 mif,and, conse-

lutely typical example of cell fate induction. guently, turning off MEK-1 allows the p42 MAPK to rapidly
return to its inactive state.

B. The MAP kinase cascade and Cdc2-cyclin B C. Continuous, reversible signal transducers and a

Xenopusoocyte maturation is mediated by a specific discontinuous, irreversible biological response

group of protein kinases, as shown schematically in Fig. = Somehow the oocyte takes a continuously graded stimu-
1(a). Progesterone brings about the activation of the Moslus (the progesteronetransduces it through nearly continu-
MEK-1/p42 MAP kinase(MAPK) cascade, which in turn ously variable signaling proteinghe MAP kinase cascade
promotes the activation of the M-phase trigger Cdc2-cyclinand Cdc2-cyclin B, and produces an all-or-none biological
B. Activation of both p42 MAPK and Cdc2-cyclin B is re- response. And somehow it takes a reversible stimulus, trans-
quired for normal maturation. duces it through reversible signaling proteins, and turns it
At the level of the individual Cdk-cyclin complex, Cdc2 into an irreversible biological response. The all-or-none
probably acts like a nearly perfect molecular switch. This ischaracter of oocyte maturation, the existence of a point-of-
known to be the case for the biochemically similar Cdk2-no-return, and the ultimate irreversibility of the cell fate
cyclin A complex—the inactive Cdk2 monomer is approxi- choice are all typical of cell fate determination processes. So
mately 3 000 000 000-fold lower in activity than the fully how does the all-or-none, irreversible character of these pro-
active Cdk2-cyclin A complex in its maximum activity state cesses arise?
(Thr 160 phosphorylated; Thr 14 and Tyr 15 The prevailing hypothesis is that both the all-or-none
dephosphorylatad!'? When a Cdc2 molecule is off, it is character of oocyte maturation and the irreversibility of it are
really off, and when it is on, it is really on. But an oocyte not properties of the individual signaling proteins, but in-
contains 0.5—% 10'° Cdc2-cyclin B complexe$s>*** Thus,  stead emerge out of the organization of these proteins into a
in principle, the oocyte could adopt any of an almost unlim-particular type of signal transducing circuit. Both the MAP
ited number of nearly continuously variable Cdc2 activity kinase cascade and Cdc2-cyclin B are embedded in positive
states. The same is true for p42 MAPK—there are approxifeedback loop$Fig. 1(b)]—MAP kinase promotes the accu-
mately 16* MAPK molecules in a single oocyte. mulation of its upstream activator Mos, and Cdc2-cyclin B
Moreover, at the level of the individual Cdc2 molecule promotes both the activation of its upstream activator Cdc25
or p42 MAPK molecule, the activation process is reversibleand the inactivation of its inhibitors Weel and Myt1. Signal-
For example, the activity of p42 MAPK is determined by theing circuits that include strong positive feedback can, under
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some circumstances, switch between discrete states, with in-  (a) (b) Rate balance plot

termediate states possible only transiently. Such systems are  jichaglian system Stable

termed bistable, because they possess two possible stable No feedback I S;‘?:gy

steady state outputs for single values of the input stimulus. , L .
. Lo . . . Stimulus > | -

Bistable systems can exhibit biochemical hysteresis, which, @ Forward .

in limiting cases, can be manifested as irreversibility. ¢ fJeaction pack

Here we will show how all-or-none responses and irre- A== A* T~ ="

versibility can arise out of signal systems with strong posi- [ =TT T~ ]

tive feedback. We will present two commonly-used graphi- % 0.5 1

cal methods for depicting the steady-state responses of these (A" Asot]

signaling syste_ms, the rate ba!ance plot and the ;teady state () Rate balance plot

balance plo:}’~19These graphical methods make it easy to

see why positive feedback alone does not guarantee a ~6 Vary the i

bistable response, and under what circumstances a bistable o L3 stimulus

system might be converted into monostable one experimen- nc:‘% \g

tally. Finally, we will review the experimental work support- 5

ing the hypothesis that the all-or-none characteKehopus 1

oocyte maturation depends upon a bistable signaling trans- 00" ——as ”

duction system, and speculate about other signal transduction (A" ,'[ Aol

systems where the same sort of signaling circuitry is likely to
be important for producing discontinuous, irreversible bio-
logical responses. First, though, we will begin with a brief
examination of how signaling systems that do not include
feedback usually behave.

=

Stimulus-response curve

II. A SIMPLE SIGNAL TRANSDUCTION SYSTEM
WITHOUT FEEDBACK

1 2 3 4 5 6
Stimulus (arb. units)

Steady state [A*)/[Atot] &

o
(o]

As an example of the simplest type of signaling system
P P yP 9 g sy FIG. 2. Steady state responses of a simple Michaelian monocyclic cascade.

WQ will consider a monO(_:ycllc cascade. A S'gna“ng prOtem(a) Schematic depiction of the cascade). Rate balance plot. The forward
A is converted to an activated for&* by a process cata- reaction rate is indicated by the solid line; the back reaction rate by the

lyzed by a stimulus enzym§ dashed line. Where the two lines intersect, the system is in a stable steady
state.(c) Rate balance plot showing forward reaction rate curves for six
k1S levels of stimulus(d) Stimulus-response curve. The intersection points from
A= A*. (1) panel(c) were plotted as a function of the stimulus. The result is the familiar
k_ql Michaelian hyperbolic stimulus-response curve.

The stimulusS could be, for example, a protein kinase, and
the conversion oA to A* could be phosphorylatio®* can

be converted back té through an inactivating enzymie if [A*] S
Sis a protein kinase| would be a phosphoprotein phos- [A J: Kk 1/k.+S (5
phatase. © B

This equation is identical in form to the Michaelis—Menten

equation, and so this type of response is often termed a

_ Michaelian response. A Michaelian stimulus-response curve
We can derive a formula for the steady state leveAdf s shown in Fig. 2d). The concentration of activa* in-

as a function oS Assume initially that the enzymeandl  creases linearly witls whenSis small. AsSincreases, each

are far from Saturation, so that the rate of the forward reacmcrement OfS produces a Sma”er and Sma”er increment Of

A. Algebraic derivation of the stimulus-response
relationship

tion is simply, A*. WhenSis very large[A* ]=[Ay; all of the A is ac-
dA* tive. WhenS=k_l/k;,[A* ][/[Apid =0.5. Thusk_41/k; is
T KiFA]=k S Al — Kk JA*], (2)  the EC50—the concentration or activity 8fequired to pro-
duce a 50% maximal response, and Eg}.can be rewritten
whereA,=A+A*. The rate of the back reaction is as
dA *
gt ~K-lA*]. 3 AT S . (6)
[Ai] EC50+S

At steady state, the rate of the forward reaction equals th

. Rlote that we havenot assumed that or | are saturable;
rate of the back reaction,

enzyme saturation is not the reason that the initially linear
KiS Aol — k1S A* =k _4I[A*], (4) response begins to level off. The response levels off because
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the largerS gets, the less inactiv& there is for the kinase to (a) (b) Forward reaction rate
act on, and the mor@&* there is for the phosphatase to act  Michaelian system Total
on. plus linear feedback
Stimulus I Feedback ]
B. The rate balance plot o | alone
©
The algebraic derivation of the stimulus-response rela- =
tionship for a Michaelian systerfEq. (6)] is not difficult. I No feedback
However, for more complicated systems the algebra is some- ol v v v
times cumbersome. In these cases, a simple graphical ap- 0 [A*?/-[i | 1
tot

proach, termed the rate balance plot, can often yield the same

information much more easiff/~*° This plot is similar in (c) Rate balance plot

spirit to the familiar supply/demand plot used by Unstable Stable
economists—they plot curves for the supply and the demand off-state ‘1”;5“26_

of a commodity as a function of price, and at the price where
the curves cross, supply equals demand and the market is in
equilibrium. Here we will plot the forward rate and the back
rate for the reactions shown in Fig(a® as a function of
[A*]; at the value of A*] where the curves cross, the sys-

Forward
reaction

Rate

Back
reaction

tem is in steady-state. /-7
Consider how the rate of the forward reaction varies 0 -7~ e

with [A* ] [Fig. 2(b), solid ling]. When[ A* ]=0, all of theA 0 *0-5 1

is nonphosphorylated A]=[A]) and the rate of the for- (A VAol

ward (kinase reaction is maximal. When [A*] (d) Rate balance plot

Back
reaction__ -

=[Awtl, [A]=0 and the rate of the forward reaction is zero.
In between, the rate of the forward reaction increases linearly

2 Stable -
with [A] and decreases linearly wiffA*]. The amount or c | offstate _--~ Forward
activity of S determines the steepness of the line. /=== reaction

Now consider how the rate of the back reaction varies S 1
with [A*] [Fig. 2(b), dashed ling When[A*]=0, the rate A Aot]
of the back reaction is zerehere is no phosphorylatedfor FIG. 3. Steady stat o simol . ., fosdbiack
*7— .o eaaqy slate responses or a simple system wi Inear fee CK.
the phOSphatajse FO WOI’I.( brWhen[A ] [Aw‘] the rate of Schematic depiction of the systertb) Forward reaction rate. The total
the back reaction is maximal. In between, the rate of the backsrward reaction ratethick line) has two components: one due directly to
reaction increases linearly wiflA* ] and decreases linearly the stimulus(no feedbackand the other due to the linear feedbdtied-

with [A] The amount or activity of determines the steep- back along (c) Rate balance plot. The forward reaction curve assumes that
ness of the line the stimulus level is zero. The forward reaction and back reaction curves

L intersect at two points, meaning there are two possible steady states. The
The system is in steady state when the rate of the forwer steady state is unstable, because any perturbation of the system from

ward reaction equals the rate of the back reaction. For thehat steady state would drive the system to sible on-state.(d) Rate

choices Ofkls (the negative slope of the forward reaction balance plot. If the feedback is weak, the off-state can be stable, but in this

. . . case the on-state collapses down to the off-state.

line) andk_4I (the slope of the back reaction linghown in

Fig. 2(b), the system is in steady state when about 58% of

Aot is phosphorylated. rate will be lowerFig. 2(b)]. Thus there will be an excess of
Now to extract a stimulus-response curve from the ratejephosphorylation over phosphorylation, g ] will de-

balance plot, consider how the steady state leve]Aff]  crease until the system is returned to the same steady state it

would vary asSis varied. As shown in Fig. ®), asSin-  was in before it was perturbed. Likewise, [iA*] is de-

creases, the slope of the forward rate line becomes steepefeased, the forward reaction rate will increase, the back re-

and the intersection point between the forward and back reaction rate will decrease, and again the system will return to

action rate lines occurs at higher valueq &f ]. If we plot  the same steady state it was in previously. Thus the steady

the steady state level pA* ] as a function ofS, we get the  state in this Michaelian system is stable; perturbations from

familiar hyperbolic shape of a Michaelian stimulus-responsehe steady state set up forces that restore the system to the

curve[Fig. 2d)]. steady state. Since there is only one steady state for a given
choice ofk;S andk_l—the reaction rate lines intersect at
C. Stability in a Michaelian system only one point—the system is termetbnostable

Suppose that the system starts out in a steady state, a
that it is then perturbed by the addition of a little ex&x& ﬂ? ADDING LINEAR POSITIVE FEEDBACK

(without changing the amounts or activities®andl). The Now add to the system a positive feedback loop—for
system has been shifted to the right of the steady state. Adxample, imagine thak cannot only be phosphorylated By
this concentration of A*], the back reaction rate will be but also be autophosphorylated in transAsy,?° or, alterna-
higher than it was at steady state, and the forward reactiotively, that A* can increase the activity db [Fig. 3@)].

Downloaded 27 Mar 2006 to 193.145.37.229. Redistribution subject to AIP license or copyright, see http:/chaos.aip.org/chaos/copyright.jsp



Chaos, Vol. 11, No. 1, 2001 Bistability in cell signaling 231

There are now two components to the forward reaction rateThese mechanisms have been discussed in detail
a basal reaction rate,S [Fig. 3b), thin line] and a feedback elsewhere®?>??we will review them briefly here.
componenfFig. 3(b), thin curvd. Initially let us assume that The first class of mechanism is exemplified by positive
the feedback increases linearly wiftt, so that the rate of cooperativity. Suppose that it takesmolecules ofA* to

the feedback phosphorylation is proportional [#8* ] and  activateS Then the feedback will initially be proportional to

[A]. The total forward reaction rate is [A*]" rather than td A*]. There are other ways of making
d[A*] A*_ feed into Fhe actiyation oSmor_e than once that do not,
m =basal rate-feedback rate fst_rlctly speaking, satisfy the cIaSS|_caI definition (_)f cooperat-
ivity. For example A* could both stimulate an activator &f
=k, S[A]+k[A*][A] (7) and inhibit an inactivator 0§ a phenomenon termed recip-
rocal regulation. The term “multistep ultrasensitivity” has
= (ki S+ K [A* ) ([Awdl —[A*]). (8)  been proposed to encompass all of these sorts of

o d5.22
The basal rate of the forward reaction still decreases mondhechanisms: _ L ,
tonically as[A*] increases, but the feedback rate initially ~ 1N€ second way of producing a sigmoidal response is
increases wit A*] [Fig. 3(b), thin curved. The total for- zero-order ultrasensitivity® The basic idea is that if the
ward reaction rate curve is a skewed, inverted parafgta  Phosphatase is operating near saturation, therhas rises,

3(b), thick curvd. successive increments &will become increasingly effec-
The steady state behavior of this system can be inferrelive in making[A*] increase further. _
from the rate balance plgFigs. 3c) and 3d)]. Let us ini- The third way of producing a sigmoidal response is

tially assume that the feedback is strong relative to the phog2roably the easiest to envision. If there is a low abundance,
phatase reactiork,[ A ]>k_4I, and that the basal reaction h|gh affinity st0|ch|ometr|c(r_10ncatalyt|().|nh|_b|tor of S then
rate is zero[Fig. 3c)]. The system now has two possible S Will become more effective at causing increaseg A |
steady states rather than one. It has an off-state wierg ~ ©ONC€ the stoichiometric inhibitor is saturated. This mecha-
is zero, and an on-state whea* /[ Ay ] is approximately Nism has been termed inhibitor ultrasens!tl\?ﬁf o
0.92. However, ifS has any activity at all in the absence of All of these mechanisms for generating ultrasensitivity
[A*], the off-state will disappear, and we are back to a Sys_have the potential to endow a feedback system with a stable
tem with only one steady state. And even if the basal activity?{-state. We will use rate balance plots to show why this is
of Sis zero, the off-state will be unstable. Adding even onel® case. Suppose that the feedback is a sigmoidal function
molecule ofA* will push the system out of balance with the Of [A™ ], rather than a linear function pA* ] [Fig. 4@)]. For
forward reaction rate faster than the back reaction rate, whicRiMPlicity, we will also suppose that the stimulus is low and
will cause moreA* to accumulate. which makes the forward the basal activity of the kinase is low, so the “no feedback”
reaction rate even faster than the back reaction rate, and §9ntribution to the total forward reaction raft€ig. 4b)] is
on, until ultimately the system arrives in the on-state. negligible[Fig. 4(c)]. The sigmoidal shape of the feedback
This instability can be avoided by making the positive CUrVe has made it possible for there to be two stable steady
feedback weakerk,[ A ] <k, [Fig. 3(d)]. However, now States—an on-state and an off-state—with a discrete thresh-
the on-state has disappeared, so we are left again with @d in betweer[Fig. 4(c)]. If the system is anywhere to the
system with only one steady state. Clearly, feedback alonleft of the threshold, it will settle into the off-state; if it is

does not turn a signaling system into a satisfactory biochem@nywhere to the right of the threshold, it will settle into the
cal switch. on-state. The threshold itself is an unstable steady state, since

the forward and back rates are equal at this value of
[A* ]/[ Aitl, but any perturbation will send this system either
up to the on-state or down to the off-state.

Note that the bistable system we have constructed is
bistable only for a limited range of kinetic parameters. If the

to have both a stable off-state and a stable on-state. The ﬁrQ?sal activity of the kinase s too high, the system will have

is to have the strength of the feedback increase more tha?'Ply an on-state. Lil_<e_wise if the activity of th_e phosphatase
linearly with [A*]. This is equivalent to supposing that the Is too low. If the activity of the phosphatase is too high, the

feedback is not mediated by a simple linéar Michaelian system will have only an off-state. A system is bistable only

process, but by a cooperative or ultrasensitive system of sig;}/y hen the forward and back reactions are properly balanced.

nal transducers. The second is to have the back reaction be-
come saturated withA* ] before the feedback does. Both of
these mechanisms essentially allow the system to filter ou
the first increments of stimulus that impinge upon the posi- A second way to make the off-state stable is to have the
tive feedback loop. We will examine these two mechanism$ack reaction become saturated as more and rhare]
by means of rate balance plots. accumulate$® We can show this with rate balance plots,
and, again, for simplicity we are supposing that the stimulus
level and the basal activity of the kinase are low. If the back
There are at least three basic classes of mechanisms th&action is saturable, then we can have the back reaction rate
can make the feedback be a sigmoidal function[ Af]. rise more steeply than the feedback[#&& ] is initially in-

IV. MAKING THE OFF-STATE STABLE

There are two easy ways to modify the system to allow it

. Back reaction saturation

A. Nonlinear (ultrasensitive ) feedback
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(a) (b) Forward reaction rate gether will produce a more robust, decisive, and complete
Michaelian system Total bistable switch than either mechanism alone would.

plus ultrasensitive

feedback

V. BISTABILITY WITHOUT POSITIVE FEEDBACK

Stimulus o | Feedback Bistability can also arise in systems that do not possess
o] . .
s positive feedback. For example, suppose #éatnegatively
No feedback ] regulates the phosphatase that dephosphorylates it. The re-
0 L T\ sulting circuit is a “double-negative” feedback loop. Like
0 0.5 1 the positive feedback system described above, this double-
(A Atot] negative system may be able to switch between two discrete
(c) Rate balance plot states: one wittA phosphorylated and th&* phosphatase
Stable  Threshold Stable inhibited, and one witkA dephosphorylated and tie¢ phos-
oft-state  / on-state phatase disinhibited. One example of a biologically impor-
|+ || ——— > | <+ tant double-negative system is the Notch/Delta system,

] where Notch and Delta mutually antagonize each other’s ex-
4 pression in pairs of neighboring ceffs.
The common feature of the double-negative circuit and

Forward
reaction

j)
& Back the positive feedback circuit is that both possess a “vicious
ion _ —x -] cycle” type of logic—the moreA* there is, the fasteh gets
————— 1 phosphorylatedthe positive feedback caser the sloweA*
== —"%5 1 gets dephosphorylatethe double-negative feedback case
(A M At Other variations on positive and negative feedback that can

give rise to bistability are discussed elsewh€r&:?’
FIG. 4. Steady state responses of a simple system with ultraser(sitye

moidal) feedback(a) Schematic depiction of the systeii) Forward reac-
tion rate. The total forward reaction ratthick line) has two components: VI. SWITCHING FROM THE OFF-STATE TO THE

one due directly to the stimulyso feedbackand the other due to the linear ON-STATE
feedback(feedback alone (c) Rate balance plot. The shark-fin-shaped for- .
ward reaction rate curve can intersect the back reaction rate curve at thrdd Ge€tting over the threshold

points. The lowest point corresponds to a stable off-state. The highest point .
corresponds to a stable on-state. The middle point is an unstable threshold. . So far we have ConsftrUCted a bistable systgm two ways
[Figs. 4a) and 3b)], and in both cases we have ignored any

contribution from the basal activity of the kinase, or from

creased, but then level off due to saturation and be overcom@y feedback-independent stimulus that could promote the
by the feedbackFigs. 5a) and 5b)]. The back reaction can forward reaction. We have produced systems that can reside
more than keep up with the first increments of feedback, but either a stable off-state or a stable on-state, but we have
then is overwhelmed as the feedback continues to rise. ~ not provided a mechanism for the systems to make a transi-
These two ways of endowing the off-state with tion from one state to the other. One way of flipping the
stability—ultrasensitivity in the feedback loop and back Switch to send the system from the off-state to the on-state is
reaction-saturation—are not mutually exclusive. Other thingd0 continuously increase the feedback-independent stimulus.

being equal, having both of these mechanisms operating tothe bistable system then converts this continuous change in
the activity of an enzyméhe stimulug into a discontinuous

change in the steady state output of the syst#ma concen-

(a) (b) Rate balance plot tration of A*).
Nllichlfqlelian system Threshold Staby This. is shown in a rate balance plot in Fig(a}s which
ot 'rr;%iiigeneﬂggfk’ o?f‘g?;fe Vs oavle starts with the bistable system described in FiguHrasen-
saturation || | - sitive feedback, no saturation of the back reaotidtiow-
_ ever, instead of showing a single curve for the forward reac-
Stimulus ] tion rate as a function dfA* ]/[ A], we now show a family
o '::;gfgg ] of seven such curves, each corresponding to a different level
A g __________ — of the continuously variable stimulus. The lowest of the
Azsa?A g re%?:%lgn . seven curves corresponds to the case of no stimulus; the
other curves correspond to six successive increments of
3 o5 4 stimulus.
E * (A Asod Suppose that the stimulus is initially zero, and the sys-

>

tem is starting out in the off-state, with the steady state con-
centration of[A*] being zero. There is an on-state too,
FIG. 5. Steady state responses of a simple system with a back reactigyhere [ A* /[ A,,;] Wwould be approximately 0.72, but it

operating near saturatiofa) Schematic depiction of the systeifln) Rate : : :
balance plot. The forward and back reaction rate curves can intersect at thr(‘eNOUId take a mlghty perturbatlon to drive the system out of

points, corresponding to a stable off-state, an unstable threshold, and &€ Off'State_1 past the thresholdt [ A* ]/[ A ]~0.28), and
stable on-state. into the territory of the on-state.
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(a) Rate balance plot
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ward reaction rate and back reaction rate will be small. As
the stimulus increases further, the driving force for the tran-
sition to the on-state becomes higher.

Total
forward
ti o .
reaction B. Switching implies hysteresis
4
/’ So far, by increasing the stimulus we have gotten the
gr , system out of the off-state and into the on-state. What hap-
o e pens if we now lower the stimulus back down? Once the

stimulus is lowered to three units, the off-state will reappear.

//Back But there will be no driving force for the system to leave the
g // reaction on-state and make the transition back to the off-state. The
£ on-state is stable, and the system is stuck in it. Thus, the
‘g’: stimulus-response curve you get when the stimulus is rising
i 2 is not the same as the one you get when the stimulus is
§ = falling [Fig. 6(b)]; the system exhibits hysterefs2® For
0 0.5 the example shown here, the hysteresis is so substantial that
(A" VAot the transition from the off-state to the on-state is irreversible.

(b) Stimulus-response curve

Off-states

On-states

Steady state [A*]/[Atot]

2 3

4

5

The potential significance of hysteresis in biological
switching is twofold. First, it decreases the likelihood that a
system will repeatedly switch back and forth between two
states(a possibility termed “chattering” by Thrdd) when
the stimulus that drives the switching is hovering near its
threshold value. Second, it is a potential mechanism for a
type of biochemical memory. Unless something happens to
fundamentally changde.g., break the positive feedback
loop, a system like those shown in Figs. 4 and 6 can remain

Stimulus (arb. units) on indefinitely. A bistable signaling system could be the
FIG. 6. Graphical derivation of the stimulus-response curve for the systenmeChan!sm through which C_e“S “re_m?mbe_r” that they are
depicted in Fig. 4a). () Rate balance plot. The total forward reaction rate differentiated long after the differentiation stimulus has been
curves represent seven levels of stimulus. For low levels of stimulus, there iWithdrawn, and even |0ng after all of the protein molecules

an off-state, an on-state, and a threshold. As the stimulus increases, t
off-state shifts up toward the threshold and the threshold shifts down toIiﬁat make up the feedback |00p have been replaced by new

wards the off-state. Eventually the off-state and threshold disappear and tHrotein molecules.
system has only an on-stai@®) Stimulus-response curve. The intersection

points from pane(a) are plotted as a function of stimulus. When the stimu-
lus is increased, the system can switch from the off-state to the on—state\./”' THE STEADY STATE BALANCE PLOT

Howeyer, when the stimulus is decreased back to zero, the system remains Another commonly used way of representing bistable
stuck in the on-state. . . .
systems is the steady state balance plot. This type of plot is
particularly useful when one can identify two key enzymes
in a feedback system that mutually activate each otA&r
Now add one increment of stimulus to the system. Thepromotes the activation d8, andB* in turn promotes the
stimulus provides an additional component to the total for-activation ofA; a positive feedback systgmr mutually in-
ward reaction rate, skewing the curve upwdkig. 6(a)]. activate each othgiA* promotes the inhibition oB*, and
Now the off-state has shifted upward slightly, to B* in turn promotes the inhibition oA*; a double-negative
[A*]/[Awi]=0.06, and the threshold has shifted downfeedback systein Here we will consider the positive feed-
slightly, to [A*]/[A]~0.26. The off-state and threshold back systeniFig. 7(a)].
are beginning to approach each other. For the moment we will ignore the feedback reactions
Add one more increment of stimulus to the system. Theand consider only the direct activation Bfby A* [desig-
total forward reaction rate curve skews upward a little farthemated “1” in Fig. 7(a)]. The steady state responseBf to
[Fig. 6(@)]. The off-state shifts tpA* ]/[ Aii]=~0.12, and the  A* will be described by a stimulus-response curve of some
threshold shifts down a little further tpA* ]/[ Api]=~0.23.  shape; here we have assumed it is a Michaelian clfige
With one more increment of stimulus, the off-state and the7(b)]. For the whole system to be in steady sta& | must
threshold have become about equal[ Af [/[A]=~0.19.  be unchanging with respect to time. The curve shown in Fig.
The total forward reaction curve and the back reaction line/(b) constitutes the only pairings of A*]/[Ay] and
are barely touching at this value pA* ]/[ Ai]. If the stimu-  [B*]/[ B,] Where this can be true.
lus is increased any further, the off-state and the threshold no  Now we will consider only the feedback reactidmues-
longer exist. There is now only a single possible steady statgnated “2” in Fig. 7(a)]. In these reactions, the steady state
for the system, the on-state. The system leaves the off-statevel of [A* ]/[ Ay is a function off B* ]. Again, some sort
and aims for the on-state. Initially the driving force for this of stimulus-response curve will describe the dependence of
transition will be very small; the difference between the for-[ A* [/[ Aii] upon [B*]/[By]; here we have assumed that
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(a) (b) Response of B* to A* (Ref. 39], and activation of Cdc25€%°% the dual-specificity
Stimulus 1r phosphatase that reverses the effects of Mytl and activates
l [ Cdc2.
[ In addition, the response of p42 MAPK to Mos in oocyte

=] L
A=A B g 05 extracts is known to be highly ultrasensitive—equivalent to
@l ) the response of a cooperative enzyme with a Hill coefficient
vl [ of about 5% Thus the MAPK cascade has a mechanism for
B<—8B T endowing a positive feedback loop with a stable off-state. It
[A*]/[Atot] is not known whether the feedback loop in the Cdc2 system
is ultrasensitive as well, but many of the factors that can
(c) Response of A"to B*  (d) Steady state balance plot generate ultrasensitivity, such as multistep phosphorylation
1 1 reactions and stoichiometric inhibitors, are present in Cdc2
On-state regulation.

So the potential is there for bistability. The question is,
does this bistability really occur? Eric Machleder and | ad-
Threshold dressed this question by incubating oocytes with submaximal
concentrations of progesterone, letting the oocytes come to a
o 05 1 : new steady state, and then measuring the level of p42 MAPK

[A*)[Atot] [A*Atot] phosphorylation(a surrogate for p42 MAPK activatigrin

FIG. 7. Steady state balance plots for a system with ultrasensitive positivg ach oocyté?’ We found that the oocytes either activated
feedback.(a) Schematic depiction of the systeiifn) Assumed Michaelian essentla”y all of their p42 MAPKp42 MAPK phosphoryla-

steady state response Bf to A*. (c) Assumed ultrasensitive steady state ion >90% maximal or essentially none of it<10% maxi-
response ofA* to B*. Note that we have flipped the andy-axes from  mal phosphorylation None of the oocytegout of 209 ex-
what would be customary for depicting* as a function oB*. (d) Steady amined showed an intermediate level of p42 MAPK

state balance plot. The curves fraty) and(c) are plotted together. Where - T .
the two curves intersect, the system is in steady state. There are three inté‘?hOSphorylatlon' These flndlngs established that p42 MAPK

section points, corresponding to an off-state, a threshold, and an on-state!€Sponds to progesterone in an all-or-none manner.
The all-or-none character of maturation could arise

within the MAPK cascade, or it could arise upstream of the

this stimulus-response cure is sigmoid#&lig. 7(c)]. The  cascade and merely be propagated by the cascade. To test
points on this curve represent the only pairings ofthese possibilities we microinjected oocytes with different
[A*]/[ Al @nd[B* ]/[Byo], where[ A* ] can be unchanging concentrations of Mos protein, which activates the MAPK
with respect to time. cascade directly without activating the most upstream ele-

Finally, we can ploA* as a function oB* andB* asa  ments of the progesterone signaling pathway, and measured
function of A* on the same set of axd&ig. 7(d)]. Only  thejr p42 MAPK responses. Once again, the oocytes re-
points that lie on both curves—the three points ofsponded in an all-or-none fashion, indicating that the MAPK
intersection—can represent a system where nefth&i nor  cascade can generate, not simply propagate, an all-or-none
[B*] is changing with respect to time. These three intersecresponsg?

tion points correspond to the off-state, threshold, and on-  Finally, we examined whether manipulations that should

0.5 0.5

[B*)[Btot]
[B*)[Btot]

state. block the positive feedback loop would convert the all-or-
none MAPK response into a more graded one. We blocked
VIIL. BISTABILITY IN OOCYTE MATURATION protein synthesis with cycloheximide, which prevents

The all-or-none character of oocyte maturation suggesty/APK from inducing Mos accumulation, and then examined
that a bistable signaling system may mediate the process. i€ résponse of p42 MAPK to microinjected Mos protein.
support of this idea, both of the key protein kinases involved/V& found that many oocytes now had intermediate steady
in oocyte maturation—MAPK and Cdc2—are embedded ipstate levels of_ p42 MAPK activation. Abolishing positive
positive feedback loops. Not only does Mos bring about acfeedback abolished the all-or-none character of the p42

9
tivation of p42 MAPK, but activation of p42 MAPK brings MAPK response. , _
about accumulation of Mos, even in the absence of All of these observations support the idea that p42

progesteron&®~32 Two factors appear to contribute to p42 MAPK exhibits bistable responses, and it seems plausible
MAPK-dependent Mos accumulation. First, Mos mRNA that the all-or-none character of p42 MAPK biochemistry

polyadenylation and protein synthesis is stimulated by IO4§ontributes to the all-or-none character of oocyte maturation.
MAPK:32 second, Mos stability is increased by p42 MAPK,

possibly through the phosphorylation of Set°3! Likewise, IX. OTHER EXAMPLES OF BISTABILITY IN BIOLOGY
multiple factors contribute to positive feedback in the activa-

tion of Cdc2. Cdc2 activation stimulates the polyadenylation  The lysis-lysogeny transition in phage-infectedcoli is

of the cyclin B1 mRNA and translation of the cyclin B1 another bistable switch, where feedback is provided by the
messagé? Moreover, Cdc2 can bring about the inactivation lambda repressor and filtering igrobably provided by a

of Myt1,3334the main Cdc2-inhibitory kinase present in ma- dimerization requirement and cooperatiiiMuscle differ-
turing oocytesWeel is not present until late in meiosis 2 entiation constitutes another important example; transcrip-
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tional regulators that can induce muscle differentiation havevarious cell fate induction processes, and progression from
been shown to induce their own transcriptfdrThe natures one discrete phase of the cell cycle to another. Bistable cell
of the proteins involved and the time scales of the responsesignaling systems also offer the possibility of providing a
are quite different, but in all cases the all-or-none switchesort of biochemical memory, which may contribute to the
are thought to be built out of the same basic ingredients—irreversibility of some cell differentiation processes.
positive feedback plus ultrasensitivity.
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