Steady state and equilibrium



A system is at steady-state when concentrations do not change with
time — they are fixed, or steady
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At steady-state Al A We will often study systems at
[ ] — 0 steady-state because their

dt behaviour is then simpler.



Equilibrium is a special steady state where detailed balance holds

A system is in detailed balance if the rate of every forward reaction balances
the rate of every backward reaction.

Consider f1
A+B=
b1
HJLQ %=f1[A][B]—b1[C]+f2[DHE]—bz[C]
D
4
b
At steady state
)~ ALAIB] ~ hC) + RID)E) ~ ba[C) = 0
ALAIB] + f2|D][E] = b:(C] + bs[C]
At equilibrium
0 0
) — FTAIB — b1+ RIDIE] — ba[C] =0



Detailed balance means that the system is at a minimum of free

energy and is in a "dead” state

We often model systems that can never equilibrate

A+ B é C ATP
b |k <
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Now
d|C
% = f1[A][B] - b:[C] - K[C]

we implicitly assume the free energy,
here ATP, preventing a backward
reaction is continually re-supplied

which is able to reach steady state but never equilibrium because the k reaction

cannot be balanced.



We use detailed balance and conservations to find equilibrium

concentrations

A+BLC
b
Detailed balance implies
flAlB] = b[C]
or b
[A][B] = KeolC) Kea= 5
The rate equations are
dlA] _d[B] _ d[C]
=S~ B +bl0] = -

and so we have two further equations

[A] + [C] = Ao [B] +[C] = By



Thermodynamic cycles



Allowing reactions to go to equilibrium can restrict the values of rate

constants

lon channels often have -
multiple states

ions

k2
refractory open

Detailed balance implies

k1C =k_10 ; kO =k _oR ; ksR=Fk_3C equilibrium
or

ke ke ko ko koo kg

¢= klO_ kq k:zR_ ki ks kgc

and so

if this constraint is broken, the system
kikoks = k_1k ok _3 must use energy to bias the cycle to
move in a particular direction



Hill functions



output

Empirical input-output relationships are often approximated as Hill
functions

Hill number: determines the
steepness of the response
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Some terminology

y(r) = LmaxT
K" 4 gn
n= 1: hyperbolic or Michaelis-Menten response

n> 1: sigmoidal or S-shaped response

n> 1: ultrasensitive response for signalling

n< 1: subsensitive response

n> 1: cooperative response for gene expression



Modelling signal transduction |l

Input * S
q
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Rather than
[S]Ro Ro[S]"
R*| ~ R*
R b o] use [R7] PR
so that
d[A*] kRo[S]" eg n molecules of S
= - ~(Ag — [AT]) are needed to
dt K+ [S] activate a receptor



