
Negative feedback and biological oscillators
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Negative feedback can generate oscillations

If an increase in the output causes the system to act to decrease that output, 
then the system has negative feedback.

Negative feedback is process where an effect diminishes itself.



Degradation is stabilising

mRNA

protein

Consider constitutive expression

5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated

dP

dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that

dP

dt
=

k

1 + (P/K)n
� dP P (5.3)

where we use a Hill function to describe the autoregulation.
This negative regulation generates negative feedback in the system. At steady state, P = P

⇤

and
k

1 + (P ⇤/K)n
= dP P

⇤ (5.4)

so that the rate of synthesis of P equals its rate of degradation. If levels of P fluctuate higher
than P

⇤, then
k

1 + (P/K)n
<

k

1 + (P ⇤/K)n
. (5.5)

The autonegative regulation increases repression of synthesis because there are more proteins to
bind the promoter of P and so decreases levels of P back towards P

⇤. If levels of P fluctuate
lower than P

⇤, then
k

1 + (P/K)n
>

k

1 + (P ⇤/K)n
. (5.6)
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5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.
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At steady state

5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.
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5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
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system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated

dP

dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that

dP

dt
=

k

1 + (P/K)n
� dP P (5.3)

where we use a Hill function to describe the autoregulation.
This negative regulation generates negative feedback in the system. At steady state, P = P

⇤

and
k

1 + (P ⇤/K)n
= dP P

⇤ (5.4)

so that the rate of synthesis of P equals its rate of degradation. If levels of P fluctuate higher
than P

⇤, then
k

1 + (P/K)n
<

k

1 + (P ⇤/K)n
. (5.5)

The autonegative regulation increases repression of synthesis because there are more proteins to
bind the promoter of P and so decreases levels of P back towards P

⇤. If levels of P fluctuate
lower than P

⇤, then
k

1 + (P/K)n
>

k

1 + (P ⇤/K)n
. (5.6)

42

For a fluctuation above steady state For a fluctuation below steady state

degradation increases degradation decreases

synthesis rate is constant, but 
degradation rate is not
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5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated
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dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that
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than P

⇤, then
k

1 + (P/K)n
<

k

1 + (P ⇤/K)n
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⇤. If levels of P fluctuate
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The rate equation is

and at steady state

5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated

dP

dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that
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dt
=

k

1 + (P/K)n
� dP P (5.3)

where we use a Hill function to describe the autoregulation.
This negative regulation generates negative feedback in the system. At steady state, P = P

⇤

and
k
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⇤ (5.4)
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than P

⇤, then
k
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<

k
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. (5.5)

The autonegative regulation increases repression of synthesis because there are more proteins to
bind the promoter of P and so decreases levels of P back towards P

⇤. If levels of P fluctuate
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⇤, then
k

1 + (P/K)n
>
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5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated

dP

dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that

dP

dt
=

k

1 + (P/K)n
� dP P (5.3)

where we use a Hill function to describe the autoregulation.
This negative regulation generates negative feedback in the system. At steady state, P = P

⇤

and
k

1 + (P ⇤/K)n
= dP P

⇤ (5.4)

so that the rate of synthesis of P equals its rate of degradation. If levels of P fluctuate higher
than P

⇤, then
k

1 + (P/K)n
<

k

1 + (P ⇤/K)n
. (5.5)

The autonegative regulation increases repression of synthesis because there are more proteins to
bind the promoter of P and so decreases levels of P back towards P

⇤. If levels of P fluctuate
lower than P

⇤, then
k

1 + (P/K)n
>

k

1 + (P ⇤/K)n
. (5.6)
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5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated

dP

dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that
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where we use a Hill function to describe the autoregulation.
This negative regulation generates negative feedback in the system. At steady state, P = P
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. (5.5)

The autonegative regulation increases repression of synthesis because there are more proteins to
bind the promoter of P and so decreases levels of P back towards P
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For fluctuations below steady state, synthesis increases

5 Negative feedback and oscillations

A limit cycle is an isolated and closed trajectory in phase space [11]. Remember that phase
space is the space where the concentration of each chemical species in a network is plotted along
each axis. An isolated trajectory means that neighbouring trajectories either spiral in towards
the closed trajectory or spiral away from the closed trajectory. Once on a stable limit cycle, the
system continues to move around the cycle, the concentrations of the chemical species continually
revisit values they have had before, and the system exhibits oscillations.

5.1 Degradation stabilises molecular numbers

Degradation stabilises protein numbers. Consider a protein P whose synthesis is unregulated

dP

dt
= k � dP P. (5.1)

Then at steady state when P = P
⇤ the rate of synthesis, k, exactly equals the rate of degradation

k = dP P
⇤
. (5.2)

If levels of P fluctuate higher than P
⇤, then the rate of synthesis is unchanged but the rate of

degradation increases – dP P > dP P
⇤ – so that degradation dominates synthesis. Degradation

therefore returns the levels of proteins to their steady-state levels. Similarly, if levels of P

fluctuate lower than P
⇤, then the rate of degradation decreases – dP P < dP P

⇤ – allowing
synthesis to dominate and steady state to be regained.

5.2 Negative feedback is stabilising

Negative feedback acts to reduce perturbations to a system. Consider a gene that is negatively
autoregulated by its protein P so that
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where we use a Hill function to describe the autoregulation.
This negative regulation generates negative feedback in the system. At steady state, P = P

⇤

and
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⇤ (5.4)
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than P

⇤, then
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. (5.5)

The autonegative regulation increases repression of synthesis because there are more proteins to
bind the promoter of P and so decreases levels of P back towards P
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lower than P

⇤, then
k

1 + (P/K)n
>

k

1 + (P ⇤/K)n
. (5.6)
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Negative feedback on 
protein synthesis works 
with degradation 
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Delayed negative feedback can cause oscillations

The delay causes a mismatch between the strength of synthesis and the strength of 
degradation.
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Oscillations are continual overshoots and undershoots because of the mismatch.

The duration of the 
delay is in red.
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There are two requirements for a system to oscillate

(i) negative feedback: feedback that acts to reduce 
deviations of the system away from steady state 

(ii) a delay: a sufficiently long time delay before the 
feedback acts.
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system tends 
to steady state

For example: increasing the delay induces oscillations
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system oscillates 
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sufficiently long

For example: increasing the delay induces oscillations
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For example: increasing the delay here increases the amplitude of 
the oscillations


