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Figure 10. Perfect adaptation. (a) Flowchart combining the linear response module for R with 

another linear response module for X through which the signal, S, is filtered. (b) 
Graph of the response, R, when the stimulus is a ‘staircase’ function. Parameters 

are: k1 = k2 = 2, k3 = k4 = 1, X(0) = 0, R(0) = 1, S(0) = 0. 

Note: The staircase function can be constructed by making the stimulus, S, be a reservoir rather 

than a function, with an influx consisting of the PULSE function (see the Equation Help sheet 

under the Help menu). Define STAIR = PULSE(HEIGHT, INITIAL TIME, DURATION). 

Exercise 10. Construct the adaptation circuit shown in Figure 10a and reproduce the 

stimulus-response curve in Figure 10b.  

Oscillations 

Combining Michaelis-Menten kinetics with feedback can create 

a system with stable oscillatory behavior. We will study this 

phenomenon more thoroughly later; here we simply want to 

introduce the possibility of more complex dynamics when the 

modules we have constructed above are connected together.  

Exercise 11. Figure 11a shows the Flowchart (with the functions hidden) for negative 

feedback oscillator using the modules we have shown above and Michaelis-
Menten kinetics. Reconstruct the model using the parameter values from the 

Equation window shown in Figure 11b. Plot a stimulus-response curve for the 

frequency of oscillations as shown in Figure 11c. 

 

d/dt (X) = + J1 - J2 

      INIT X = 5 

   d/dt (Yp) = + Yp_Production - Yp_Removal 

      INIT Yp = 0.9 

   d/dt (Rp) = - RP_Removal + Rp_Production 

 

   RT = 1 

   k5 = 0.1 

   k6 = 0.05 

   Km5 = 0.01 
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      INIT Rp = 0.1 

 

   Rp_Production = k5*YP*(RT-RP)/(Km5+RT-RP) 

   RP_Removal = k6*RP/(Km6+RP) 

   Yp_Production = k3*X*(YT-YP)/(Km3+YT-YP) 

   Yp_Removal = k4*YP/(Km4+YP) 

   J1 = k0 + k1*S 

   J2 = k2*X + k2p*RP*X 

 

   Km6 = 0.01 

   YT = 1 

   k3 = 0.1 

   Km3 = 0.01 

   k4 = 0.2 

   Km4 = 0.01 

   k0 = 0 

   k1 = 1 

   S = 2 

   k2 = 0.01 

   k2p = 10 

 

Figure 11. Negative feedback oscillator. (a) Flowchart with the functions hidden. (b) Equation 

window. (c) Response (Rp) vs. Stimulus (S). 
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Toggle switches have also been realized in artificial

genetic networks based on mutual inhibition [41] or

mutual activation [42�]. These networks were designed

and built in explicit reliance on theoretical ideas of the

kind we have described.

Negative feedback: homeostasis and
oscillations
In negative feedback, the response counteracts the effect

of the stimulus. In Figure 1g, the response element, R,

inhibits the enzyme catalysing its synthesis; hence, the

rate of production of R is a sigmoidal decreasing function

of R. The signal in this case is the demand for R — that is,

the rate of consumption of R is given by k2SR. The steady

state concentration of R is confined to a narrow window

for a broad range of signal strengths, because the supply of

R adjusts to its demand. This type of regulation, com-

monly employed in biosynthetic pathways, is called

homeostasis. It is a kind of imperfect adaptation, but it

is not a sniffer because stepwise increases in S do not

generate transient changes in R.

Negative feedback can also create an oscillatory response.

A two-component, negative feedback loop, X!R—|X,

can exhibit damped oscillations to a stable steady state

but not sustained oscillations [43]. Sustained oscillations

require at least three components: X!Y!R––|X. The

third component (Y) introduces a time delay in the feed-

back loop, causing the control system repeatedly to over-

shoot and undershoot its steady state.

In Figure 2a (column 1), we present a wiring diagram for a

negative-feedback control loop. For intermediate signal

strengths, the system executes sustained oscillations

(column 2) in the variables X(t), YP(t) and RP(t). In the

signal-response curve (column 3), we plot RP;ss as a

function of S, noting that the steady-state response is

unstable for Scrit1 < S < Scrit2. Within this range, RP(t)

Figure 2
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Oscillatory networks. In this tableau, the rows correspond to (a) negative feedback, (b) activator-inhibitor and (c) substrate-depletion oscillators. The

left column presents wiring diagrams and the right column signal-response curves. The centre column presents time courses (a) or phase planes (b,c).

The kinetic equations corresponding to each wiring diagram are displayed in Box 1, along with the parameter values for which the other two columns

are drawn. S, signal; R, response; E, X and Y, other components of the signaling network; EP, phosphorylated form of E; etc. (a) There are two ways to

close the negative feedback loop: first, RP inhibits the synthesis of X; or second, RP activates the degradation of X. We choose case 2. Centre

column: oscillations of X (black, left ordinate), YP (red, right ordinate) and RP (blue, right ordinate) for S ¼ 2. Right column: the straight line is the

steady-state response (RP;ss) as a function of S; solid line indicates stable steady states, dashed line indicates unstable steady states. For a fixed
value of S between Scrit1 and Scrit2, the unstable steady state is surrounded by a stable periodic solution. For example, the solution in the centre

column oscillates between RPmax ¼ 0:28 and RPmin ¼ 0:01. These two numbers are plotted as filled circles (at S ¼ 2) in the signal-response curve to

the right. Scrit1 and Scrit2 are so-called points of Hopf bifurcation, where small-amplitude periodic solutions are born as a steady state loses stability.

Centre column, (b,c): phase plane portraits for S ¼ 0:2; red curve, (X,R) pairs that satisfy dR=dt ¼ 0; blue curve, (X,R) pairs that satisfy dX=dt ¼ 0;

open circle, unstable steady state. Right column, (b,c): solid line, stable steady states; dashed line, unstable steady states; closed/open circles,

maximum and minimum values of R during a stable/unstable oscillation. Scrit1 and Scrit2 are called subcritical Hopf bifurcation points.
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GO
 X(0) = 5,  YP(0) = 0.9, RP(0) = 0.1.
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