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Introduction

How were various components of life pieced together?

Did it require all of the components that we seen in life to be
built at the same time or were they induced incrementally?

How did the organization in life emerge?

Origin of metabolic networks: From the large set of possible
organic reactions, only a few participate in life.
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© Model

@ A model of pre-biotic organization
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Notations

o Consider a set F = {my, mp, m3,..., ms} of f moieties (small
compounds) present abundantly and homogenously in a
pre-biotic niche: Input or ‘Food’ set.

@ These molecules, and their products can undergo spontaneous
and catalysed reactions of type:

@ A, B, C, ... can represent any member of set F or the
product set, P.
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The model

o A = (m1)®(mp)®2(m3)® ... (m¢)% where 0 < a; < n,
Y;ai=n,i=1,23,...f. nisthe maximum number of
moieties a molecule can have.

@ A molecule can also be represented as a f-tuple of
non-negative integers that defines the molecule, i.e.,

A= (31, an,ds, ..., af).

@ Any product can thus be written as
D=AB= (31+b1,32+b2,...,af+bf), where d; = a; + b;
(we only consider composomes).

1 A(1,0) B(0,1)
B A(2,0) AB(1,1) B(0,2)

3 A(3,00  AB(2,1) AB(1,2) B(0,3)

4 A(4,0)  AB(3,1) AB(2,2) AB(1,3)  B(0,4)

r=1



Reaction system

For f = 1 reaction system will look as following:

A1) +A(L) == AQ)
A(l) +A2) =—— AQ3)
AQ2) +AQ) =—— A@4)
A(l) +AB) =—— A@)
AQ2) +AB) =—— A(5)
A(l) +A@) == A(5)

A(1) * A@2) AB) A4)
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Dynamical equation

Using rate action kinetics one can write a differential equation for
the the change in concentration of each molecule:

=
>

A(l) +A(l) =—— A(2) e = kg
A(l) + A(2) == AQ3)
A2) + A(2) = A(9)
A1) + AB) =—— A(9)
A(2) + AB) === A(5)
A1) + A(4) —— A(5)
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Dynamical equation

Using rate action kinetics one can write a differential equation for
the the change in concentration of each molecule:

A(l) + A(l) =—— AQ2) ey = ke
A(l) + A(2) =—= A(3) —kexa(2)
AQ) + AR2) = A(4) 3 ks
A1) + ABB) = A(4) "

AQ) + A(B) == A(5) + D kexagn)
A + A() ——> A(5) o

—PXA(2)



Dynamical system

For all the molecules, one can write following coupled non-linear
differential equations:

.1 F R
n o= 5 E KB,cXBXC + E KA ,BXAB
(B,C)€Ela B, (ai+bi<n;)

1
F R
- E RABXAXB — 5 E KB.cXA — QAXA
B,(a,-er,-Sn,-) (B,C)EIA

here, xa = [A], Ia = {(B,C) : BC = A}, ¢ is the decay constant, and,

& and k¥ are the rate constant matrices (symmetric), given by,
2ke ke ke ... 2ky ke ke
ke 2k ke ke 2k ke

K = '3 k¢ 2ks k= k- k- 2k,



Dynamical system

@ ks and k, are the spontaneous forward and backward rate
constants, respectively. When we consider catalyzed reactions,
ke /. can be replaced by k,’(/r.

kejr = keye(1+ B x [Catalyst])

G is Catalytic Efficiency of the catalyst.



Dynamical system

@ ks and k, are the spontaneous forward and backward rate
constants, respectively. When we consider catalyzed reactions,
ke;r can be replaced by k,’c/r.

k) = ke/r(1+ B x [Catalyst])

0 is Catalytic Efficiency of the catalyst.

@ As the members of the set F are replenished continually, any
amount drawn or produced does not affect their
concentrations. It is thus assumed that the concentrations of
members of set F do not change over time.
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Equation in dimensionless variables

Consider a concentration scale w and a time scale 7.
Re-writing equation in terms of these dimensionless variables gives:

. 'R /
Xy E KB CXBXG + E KA BXAB
(B C)€la B, (ai+bi<n;)
1F 1 'R 1!
- KA, BXAXB 2 KB, CXA Paxa
B,(a,-+b,-§n,) (B,C)GIA
here,
o X
A w
y XAT
X = —
A w
w'F kFwr
KRo= kRr
/
¢ = gt

B
@
S
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e Results

@ Dynamics of uncatalysed network
@ Dynamics with catalysed reactions in the network
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Time evolution of concentrations
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Steady state concentration v/s Length
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An exponential decay in concentrations is observed when there are no catalysed
reactions in the network: xa(j) oc exp(7y x i);y = —0.952127



Phase space portrait
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Dynamics with catalysed reactions in the network

@ Random catalysis: We selected a fraction p of reactions from
the network and assigned a catalyst to each one of them
drawn randomly from the set P.

@ Doing so yields no significant effect on the concentrations.
Steady state concentrations follow exponential decay with
(approximately) the same v as when there are no catalysed
reactions.
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Dynamics with catalysed reactions in the network

@ Random catalysis: We selected a fraction p of reactions from
the network and assigned a catalyst to each one of them
drawn randomly from the set P.

@ Doing so yields no significant effect on the concentrations.
Steady state concentrations follow exponential decay with
(approximately) the same  as when there are no catalysed
reactions.
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Dynamics with catalysed reactions in the network

Let us consider the following set of catalysed reactions in the
network in addition to the spontaneous chemistry.

A@2) .
AQ) + A(l) == AQQ)

A) |
A(2) +A(Q) =—— A4

A4) + A(d) === As)

A8) + A(B) =2 A(16)

Set 1
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Time evolution of concentrations

Concentration (t)

Time

f=1,m =100,¢ = 0.1, kr = k, = 0.05, xa2) = 1, 3 = 1000
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Steady-state concentrations

) Steady S’tate Conc’entra!ions' —
Fitted Exponential Curve
NoACS ——

Steady State Concentration
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10 20 30 40 50 60 70 80 920 100
Length of the Molecule

The molecules produced in Set 1 outperform other species. Blue curve is the
fitted exponential calculated by ignoring input molecule and the members
produced in Set 1. 7Ypackground = —0.115635
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Effect of 3 on concentrations
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Effect of 3 on concentrations
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Auto-catalytic sets (ACS)

Definition
Consider a set S C P of compounds such that for every member,
s, of the set there exists a reaction that:

© produces s

@ is catalyzed by a member of S, and

© has reactants drawn from S U F.
Such a set is an ACS. )




Auto-catalytic sets (ACS)

A(D) + A() =2 A@2)

A(4)
A2) + AQ2) == A(4)

A(8)
A + A 2= A

A(16) .
A(8) + A(8) <—— A(16)

Set 1
Here, S = {A(2), A(4), A(8), A(16)}
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Auto-catalytic sets (ACS)

A(D) + A(Q) =22 AQ)

A(4)
A2) + AQ2) == A(4)

A(®) .
A(4) + A(4) === A(8)

A(16)
A(8) + A(B) === A(16)

Set 1
Here, S = {A(2), A(4), A(8), A(16)}

One may write several network topologies for a particular S.
Consider two such topologies for Set 1.



AQ) + A1) = AQ) A1) + AQ) =20 A
AQ) + AR) == A®s) AQ) + AQ) =10 A
A) + AB) == A) A() + A%) =20 pg)
A8) + A(B) == A(16) A@®) + AB) <> A1)

S = {A(2), A(4), A(8), A(16)}
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Time evolution of concentrations for different 5 (Set 1-1)
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Time evolution of concentrations for different 5 (Set 1-1)
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Time evolution of concentrations

Concentration(t) Concentration(t)

Concentration(t)

0.5

0.5

0.5

for different 3 (Set 1-1)
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Set 1-1 only dominates above a threshold value.
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Steady state concentrations

Steady State Concentration
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Set-12
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Catalytc Efficiency (8)

Set 1-2

50000C



Phase

W
background

Results
oo
oo
o
00008000
oo

portrait

ﬁr&w& ++I++++++++ e H i,
++++++++++++++++++++++++++++++++++++
- ++++++++++++++++++++++++++++++++++
= +++++++++++++++++++++++++ +
ot - +++++++igr L
- - +
T e s T
e = #tr "

T
s et
T
e

-
*%rr:rrrr
+++++j:+ o
H
e
+

-+t S
S el
I
o
+¢Iﬁ+@+ et
Sy R
e e
e i
e ##Jr###
it
o

e
++++++++
+++++++++

“Yback
ground VErs
us kf'
keeping :nd 6 for a fi
»=1and x xed 8 (=10,000)
A1) = 1 ! s



Results
0000000000e0000

Network topology and ACS domination

@ As discussed above the phase space structure depends on the
network topology.
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Network topology and ACS domination

@ As discussed above the phase space structure depends on the
network topology.

@ When a large molecule is a catalyst for production of smaller
molecules it can create a bottleneck. And hence require
bigger G for domination of ACS.

@ How does ACS domination depends on topology of catalysed
network?
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Network topology and ACS domination

@ Define length of an ACS as the length of the largest molecule
in the ACS. Consider the topology of catalytic network in
which the largest molecule of the ACS acts as the catalyst for
all the reactions that produce members of the ACS.
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Network topology and ACS domination

@ Define length of an ACS as the length of the largest molecule
in the ACS. Consider the topology of catalytic network in
which the largest molecule of the ACS acts as the catalyst for
all the reactions that produce members of the ACS.

@ For example, consider following topology of S (Set 1-2),
wherein all the reactions are catalysed by the same catalyst
(the largest molecule of the set):

AQ) + AQ) == a2

A(16) «

A2) + AQQ) =—— A(4)
A(16) «

A(4) + A(4) =——— A(8)

A8) + A(8) =22 A(16)
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Length of ACS v/s Catalytic efficiency required for it to

dominate
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Concentrating bigger ACSs

Set A
A(64)~
A(L) + A1) =—— A(2)
A(64)~
A(2) + A(2) =—— A(4)
A(64)
A@) + A() < Agg)
A(64)~
A8) + A(B) = A(16)
A64)
A(16) + A(16) =——— A(32)
A(64)~.
A(32) + A(32) = A(64)

ACS is {A(2), A(4), A(8), A(16), A(32),
A(64)}.



Concentrating bigger ACSs
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Set A

A1) +AQ)
A(2) + A(2)
A(4) + A(4)
A(8) + A(8)
A(16) + A(16)

A(32) + A(32)

ACS is {A(2), A(4), A(8), A(16), A(32),

A(64)~

|

A(64)~
~
A(64)~.
~
A(64)~.
N

A(64)}.

A(16)
A(32)

A(64)

Set B

A1) + A1) = A)

A(10)~
Al +A(2) < A(3)
A0\
A(2) +AB) < A(5)

A(10)~_
A(5) + A(B) = A(10)

ACS is {A(2), A(3), A(5), A(10)}.



Big and small ACS

With Bolh ACSs, A(10) ——
A(64)

Time

Steady State Concentration
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@ System can also exhibit bistability.

@ A cascade of ACSs can be used to produce large molecules in
sufficient numbers with reasonable catalytic efficiencies.
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Summary of results

Molecular species produced in an autocatalytic networks can
outperform other species.

This behaviour is dependent on the strength/efficiency of the
catalysts and the topology of the catalytic-reaction network.

System can also exhibit bistability.

A cascade of ACSs can be used to produce large molecules in
sufficient numbers with reasonable catalytic efficiencies.

@ Similar results are observed for two input species (f = 2).
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organization could have arisen.
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Conclusions

@ This model presents a simple mechanism via which pre-biotic
organization could have arisen.

@ Provides a mechanism via which long molecules could have
been produced in sufficient numbers.
@ Biochemistry is a very sparse subset of organic chemistry.

This provides a mechanistic way via which a small subset of
chemistry could have been chosen.



Thank you.
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