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Reversible Catalysis 

E 

N 

TT T 

T 
ENTT TTT 

T 

g

< g>

E + N T + SReversible Background: 

Catalysis: 

E 

N 

T 

fa b d

a f d

E + N + TT ENTT TTT + S T + TT + S T + T + T + S→



Reversible Catalysis 

Coiled-Coil Peptides:  Amide Bond → Thioester Bond 
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If we assume that the reversible non-ligation reactions reach equilibrium faster than the ligation reactions (see, 

e.g., von Kiedrowski, Wills, Stadler, Severin, and also simulation results), then the intermediates TT, TTT, and 

ENTT  will rapidly reach their relative equilibrium values (which actually vary with the progress of the ligation): 

        
    b ENTT f T TT

b ENTT f T TT f TTT TTT
f


    

              
2

a ENTT f TTT d T a E N TT f T TT d TT     

ENTT at equilibrium  

TTT at equilibrium  

TT at equilibrium  

            
a

a E N TT a b ENTT ENTT E N TT
a b

    


Replacing  f [TTT] yields: 

Now replacing (<a>+b) [ENTT] : 
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The rate of production of total template t  per time   is due only to the ligation: 

Ligation will reach final equilibrium when  
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Mathematical Analysis of the Reversible Catalytic System 



The total concentrations:           2 2 3t T TT ENTT TTT        e E ENTT       n N ENTT 
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Iterative solution:  

Assume low intermediate concentrations of ENTT and TTT as a first approximation: 
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The approach to equilibrium can be described by:  

       e E E e n N N n            
 

21
8

4 1 8 /

t
T d d t d T t

t d



      



x t S e n       
 d t

J x
d


 

 d t
J

t d

 
  
  

     2

1 1 1 1 1 1 1 1 1 12J g E N c E N T g T g S cE N T       

1

1

1 8 /t d
 



 
 

 
 

0

J
d t d t

J d t J d t t e
d t




 
     


In order for the equilibrium point to be stable,  

the Jacobian must be negative. 

One Reaction Coordinate:  

Equilibrium solution for one template with autocatalysis 



  

  

 

 

Total Material: T + E = T + N = 100 µM 
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t + e = t + n = 100 µM << S 
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One template with autocatalysis 
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Equilibrium Solutions vs. Total Material 

Bifurcation Diagram 
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“Optimal” 
a = 1.e9  <d> = <f> = 1.e6  <a> = 10  d = 10  f = 1000 

g = 1  b = 10  <g> = 100  S = 3000 µM 
Alow = 39   Ahigh = 146 
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First Order Catalytic Systems Cannot Mathematically Display Bistability 

Wagner, Mukherjee, Maity, Peacock-Lopez & Ashkenasy, Chem Phys Chem (2017) 



Numerically computed concentrations (and bifurcation diagrams) for various A = B scenarios, displaying steady-state solutions (stable 
in green, unstable in red) as a function of A (M). The dotted line corresponds to [R] = A, and the bifurcation points are shown with 
blue stars. a) using nominal experimental conditions, a = 109, <d> = <f> = 106, <a> = 10, d = 10, f = 1000,  𝑔 = 1, b = 10,    
<𝑔> = 100, S0 = 3000 µM. b) like a but under destabilizing unfolding conditions, applying <a> = 1000, d = 1000, f = 105; c) like a 
but with very low S concentration, S0 = 100 µM; d) like a but with a very strong background reaction and a weaker reverse reaction, 
𝑔 = 100, <𝑔> = 10; e) like a but with very weak catalytic ligation, 𝑔 = 6, b = 0.06, <𝑔> = 1, S0 = 104 µM; f) using the standard 
parameters, but with very strong ligation, 𝑔 = 100, b = 1000. 

Wagner, Mukherjee, Maity, Peacock-Lopez & Ashkenasy, Chem Phys Chem (2017) 
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Normalized SS solutions for Kapp as a function of total peptide [R + E] concentration, computed numerically by zeroing the rate of product formation. 
In all cases, [E] = [N]. The ΔKapp value for each case is evaluated at 100 μM of total peptide concentration. The computed bistable picture at (A) 
native conditions and rate constants, corresponding to nominal experimental conditions: a = 109, <d> = <f>= 106, <a> = 10, d = 10, f = 1000, g = 1, 
b = 10, <g> = 100; (B) With decreased temperature at 12°C, corresponding to nominal experimental conditions: a = 0.97*109, <d> = <f>= 

0.97*106, <a> = 5, d = 5, f = 500,  g = 0.5, b = 5, <g> = 50; (C) With decreased thiol concentration of 3000 μM, corresponding to nominal 
experimental conditions: a = 109, <d> = <f>= 106, <a> = 10, d = 10, f = 1000, g = 1, b = 10, <g> = 100. (D) Under the denaturant conditions, 
corresponding to nominal experimental conditions: a = 109, <d> = <f>= 106, <a> = 19, d = 19, f = 1900, g = 1, b = 10, <g> = 100. (E) The (ΔKapp) 
as the function of various perturbations. ΔKapp values obtained from computation, highlighted as the function of temperature (t), concentration of total 
peptide (m), concentration of thiol (s) and factor of guanidine hydrochloride (g) along the green line, red line, blue line and yellow line.  

Maity et al, in preparation (2018) 



(F), (G) and (H) are the phase diagrams to locate the bistable zone with the degree of SS separation along all over the 
parameter spaces.  

Maity et al, in preparation (2018) 
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Conclusions 

  Bistability requires:  

 

  At least second order catalysis 

 

  Feedback mechanism 

 

  Mismatch between forward and reverse processes 

 

  Balancing act among relevant parameters 
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Catalytic Reaction Networks 



Two-Template Reversible Auto Catalysis 
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Two templates with Autocatalysis 

 

 

 

We now assume two reversible templates T1 and T2 , produced separately from 
E1 and E2 while sharing common N and S , with negligible cross catalysis.  
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First order Approximations: 

Two templates with Autocatalysis 
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Two Reaction Coordinates: 

Two templates with Autocatalysis 
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t1 Equilibrium vs. Total Material 

Two templates with Autocatalysis 
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t1 / t2 Null Clines 
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Two templates with Autocatalysis 
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Two Templates with Reversible Catalysis  Multistationarity 
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e1 + t1 = 100 µM ,   e2 + t2 = 100 µM  
n = e1 + e2 − 100 µM , s = 0.01 M + t1 + t2 
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Multistationarity in Catalytic  

Reaction Networks 

Multistationarity, an emergent property of catalytic reaction networks, is 
widely found in living systems, and may be a fundamental prerequisite of 
life. By studying relatively simple and then progressively more complex 
catalytic reaction networks, we can observe the onset of bistability and 
multistability and probe their scope and properties, both in steady state and 
switching modes. Recent experiments have confirmed our theoretical and 
computational findings. Our findings continue our efforts towards 
understanding fundamental processes of evolution, complexification and 
emergence. 


