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1. The energy framework implemented in ANC for modelling 
allosteric regulation 
 
In particular, the Arrhenius equation gives the kinetic rate of the R-T transition as: 
𝑘!" = 𝑘!! = 𝐴𝑒!∆!!!/!", with “†” denoting the transition state, A denoting the 
Arrhenius constant, and 𝑘𝑇 being the product of Boltzmann’s constant and 
temperature {DePaula 2006}. Similarly, 𝑘!" = 𝑘!! = 𝐴𝑒!∆!!!/!". The equilibrium 
distribution of the R and T states will be governed by the equilibrium constant 𝐾!", 
which is given by 𝑘!" 𝑘!", where 𝐾!" = 𝐴𝑒(!∆!!!!∆!!!) !" = 𝐴𝑒!∆!!" !". 
 
In ANC, modifiers are assumed to contribute independently to the free energy of each 
conformational state, R and T, allowing us to formulate the free energy difference 
between these two states (Δ𝐺!"! ) in a given domain with 𝑁 modifiers as: 
 

∆𝑮𝑹𝑻! =   ∆𝑮𝑹𝑻 + ∆𝑮𝑻
(𝒊) − ∆𝑮𝑹

(𝒊)
𝑵

𝒊!𝟏

,  (1) 

 
where Δ𝐺!

(!) and Δ𝐺!
(!) give the effect of the 𝑖!! modifier on the free energies of the R 

and T states. While Δ𝐺!"!  could be evaluated via equation [1], this requires 
assignment of the Δ𝐺!

(!) and Δ𝐺!
(!) values. Instead of doing this, we can exponentiate 

[1] and thus equivalently define the effect of each modifier on the overall equilibrium 
distribution between the R and T states. To do so, we defined the relation of the 
equilibrium constant of the domain without any modifiers (𝐾!") to that with modifiers 
(𝐾!"! ) as: 
 
𝒌𝑹𝑻!
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! = 𝑲𝑹𝑻 𝚪𝒊

𝑵
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, (2) 

 
where Γ! = 𝑒!(∆!!

! !∆!!
! )/!" denotes the effect of the 𝑖!! modifier on the equilibrium 

distribution between the R and T states. The Γ! relate to the altered kinetic rate 
constants in the presence of the 𝑖!! modifier in the following manner: 
 



𝒌𝑹𝑻! = 𝒌𝑹𝑻 𝚪𝒊 𝚽𝒊

𝑵

𝒊!𝟏

, (3) 

 

𝒌𝑻𝑹! = 𝒌𝑻𝑹 𝚪𝒊 (𝚽𝒊!𝟏)
𝑵

𝒊!𝟏

, (4) 

 
with the parameter Φ! describing the proportional effects of the 𝑖!! modifier on the R-
T transitions. To simplify the implementation of this approach, all modifiers acting on 
different reactive sites of a domain are assumed to employ the same Φ value (i.e. 
Φ! = Φ!   (𝑖 ≠ 𝑗) for all reactive sites in one domain) {Ollivier 2010}. 
 
2. Calculation of different scores in ultresensitivity fitness function 
 
If we define  𝑦!"# and 𝑦!"# as the minimum and maximum values of the response 
during the interval from a change in the signal to steady-state, then the response 
amplitude for each of the signal ramp-ups (indicated with a ‘+’ sign) and ramp-downs 
(indicated with a ‘-’ sign) is calculated as: 
 
∆𝒚𝒊! = 𝒚𝒊!𝒎𝒂𝒙 − 𝒚𝒊!𝒎𝒊𝒏  (5) ∆𝒚𝒊! = 𝒚𝒊!𝒎𝒂𝒙 − 𝒚𝒊!𝒎𝒊𝒏  (6) 

where the subscripts denote the the corresponding ramps in the input signal. With 
these measurements, the amplitude score (𝑆!"#) is given as the normalized amplitude 
of the change in response to the second ramp-up and ramp-down signals: 
 
𝑺𝒂𝒎𝒑 =

(∆𝒚𝟐! + ∆𝒚𝟐!)/𝟐
𝒚𝒕𝒐𝒕𝒂𝒍

 (7) 

with 𝑦!"!#$ being the maximum possible response (i.e. the concentration difference 
between a fully active and fully inactive output protein), and acts as a normalization 
factor ensuring 𝑆!"# to be between 0 and 1.  
 
To quantify the ultrasensitivity of the system, we use the difference between the 
amplitudes of the responses to the second ramp-up/ramp-down signals, and the first 
choice/third choice. We first define the difference in the response to the different 
ramp-up and ramp-down signals as: 
 
𝑺𝒖𝟏 =

(∆𝒚𝟐! + ∆𝒚𝟐!)/𝟐
(∆𝒚𝟏! + ∆𝒚𝟏!)/𝟐

 (8)  𝑺𝒖𝟑 =
(∆𝒚𝟐! + ∆𝒚𝟐!)/𝟐
(∆𝒚𝟑! + ∆𝒚𝟑!)/𝟐

 (9)  

and the ultrasensitivity score (𝑆!"#) is then calculated as: 
 

𝑺𝒖𝒍𝒕 =
𝑺𝒖𝟏

𝒓𝒖 + 𝑺𝒖𝟏
∙

𝑺𝒖𝟑
𝒓𝒖 + 𝑺𝒖𝟑

 (10)  

In equation [12], 𝑟! is a user-defined scaling parameter that ensures the two ratios 𝑆!! 
and 𝑆!! (and thus the ultrasensitivity score) is between 0 and 1.  
 
Besides the amplitude and ultrasensitivity scores, we also define a complexity score 
(𝑆!"#). It is plausible to assume that networks are under selection to minimize their 



energetic burden to the cell, and this score allows us to capture network complexity. 
The complexity score is given by; 
 
𝑺𝒄𝒐𝒎 =

𝒓𝒄
𝒓𝒄 + 𝑪

 (11)  

where 𝐶 is the sum of the total number of rules, proteins, domains, and reactive sites 
in the ANC model and 𝑟! is a user-defined scaling parameter for scaling the 
complexity score 𝑆!"# between 0 and 1.  
 
 
3. Calculation of fitness function quantifying adaptive response 
 
The key aspects of adaptive response dynamics are that the system shows an initial 
response to the input (∆𝑂!"#

!/!  ≠ 0) and that the steady state value of the output returns 
to its pre-input level, irrespective of the level of the input. In other words, after a 
sustained change in input (e.g. a step change), the output should initially respond but 
ultimately settle back to its original steady state:  ∆𝑂!!

!/! ≈ 0. Therefore, the 
adaptation fitness 𝑤 can be configured as:  
 

𝑤 = ∆!!"#
!

!
× !
!!∆!!!!

∙ ∆!!"#
!

!
× !
!!∆!!!!

  (12) 

 
where 𝐶 is a normalization factor to scale ∆𝑂!"#

!/!  and ∆𝑂!!
!/! in to [0,1], and 𝐾 is a 

threshold parameter. By imposing such a selective pressure, it is possible to evolve an 
increased response sensitivity (∆𝑂!"#

!/!) and reduced adaptive error (∆𝑂!!
!/!), and so 

achieve networks with an adaptive response. 


