
No protocell is an islandNo protocell is an island

Roberto SerraRoberto Serra

Modena and Reggio Emilia UniversityModena and Reggio Emilia University
European Centre for Living Technology, VeniceEuropean Centre for Living Technology, Venice

No man is an island, entire of itself...any man's death No man is an island, entire of itself...any man's death 
diminishes me, because I am involved in mankind; and diminishes me, because I am involved in mankind; and 
therefore never send to know for whom the bell tolls; therefore never send to know for whom the bell tolls; 
it tolls for theeit tolls for thee

John Donne (1624)John Donne (1624)



•• A single protocell, even if it as able to split, is not lifeA single protocell, even if it as able to split, is not life

 But just a prerequisiteBut just a prerequisite

•• “life” has to do with a population of protocells which can “life” has to do with a population of protocells which can 
grow in a sustainable waygrow in a sustainable way

•• And undergo evolution And undergo evolution 

 Diversity in the populationDiversity in the population

 Selection of the fastest replicating protocellsSelection of the fastest replicating protocells

 Inheritability of the distinguishing featuresInheritability of the distinguishing features



SynchronizationSynchronization

•• Protocells need to contain some kind of “genetic” Protocells need to contain some kind of “genetic” 
material which undergoes replicationmaterial which undergoes replication

•• If the duplication of the genetic material took place at a If the duplication of the genetic material took place at a 
pace different from that of the lipid container, pace different from that of the lipid container, 
sustainable growth of protocell populations could not be sustainable growth of protocell populations could not be 
achievedachieved

•• Synchronization should be stableSynchronization should be stable

 A supersmart biochemist would not be sufficientA supersmart biochemist would not be sufficient



ModelsModels

•• Models to understand under which conditions Models to understand under which conditions 
synchronization can be achievedsynchronization can be achieved

•• Abstract models which capture some key features of the Abstract models which capture some key features of the 
process process 

 Emergent propertiesEmergent properties

 Applicable to several different detailed scenarios Applicable to several different detailed scenarios 

•• Two main classes of protocell architectures:Two main classes of protocell architectures:

 The action takes place inside the cellThe action takes place inside the cell

 The action takes place on the surfaceThe action takes place on the surface



Surface reaction modelsSurface reaction models

•• An abstract model based on the Los Alamos Bug pictureAn abstract model based on the Los Alamos Bug picture

•• Useful to study the time behaviour of a population of Useful to study the time behaviour of a population of 
such protocellssuch protocells

 Turns out to be applicable also to other detailed modelsTurns out to be applicable also to other detailed models

•• The protocell is made ofThe protocell is made of

 A lipid “container”A lipid “container”

 One kind (or more) of genetic memory molecules (GMMs)One kind (or more) of genetic memory molecules (GMMs)

 The GMMs increases the rate of growth of the containerThe GMMs increases the rate of growth of the container

 Both GMMs replication and container growth take place near the Both GMMs replication and container growth take place near the 
surface of the vesicle or micellesurface of the vesicle or micelle
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•• Assume that Assume that 

 There is one kind of GMMThere is one kind of GMM

 Its concentration is Its concentration is 
homogeneous in the lipid homogeneous in the lipid 
phasephase

 precursors are buffered precursors are buffered 

 surface is proportional to Vsurface is proportional to Vb (  b (  bb

between 1 and 2/3)between 1 and 2/3)

 Spontaneous container growth Spontaneous container growth 
is negligibleis negligible

•• C is the quantity of lipid C is the quantity of lipid 
containercontainer

 Proportional to V, as density is Proportional to V, as density is 
constant)constant)

•• X is the quantity of the genetic X is the quantity of the genetic 
memory moleculememory molecule
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If halving takes place when saturation effects on the growth of 
C and X are negligible  



How can we prove synchronization?How can we prove synchronization?

X=Xk

Cq/2

X=Xf

Cq

Given the model assumptions, all the continuous growth dynamics  
is determined by the initial value of X : therefore Xk=Xk+1 implies 
synchronization 

X=Xk+1= Xf /2
Cq/2

The existence of a first integral would allow one to find a time-discrete
map between Xk and Xk+1



Linear kinetics for SRMLinear kinetics for SRM: : =1=1
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•• It can be verified thatIt can be verified that

•• QQ≡≡CC--X X 

•• is conserved during the growth is conserved during the growth 
periodperiod

•• Let D= Let D= q/2 q/2 ; then; then

DX

D
XX

DX
X

k

mk

m

k

k

k
k


































0

0

1

1

1

2

1

22

1

2



•• Duplication time (C from Duplication time (C from qq/2  to /2  to qq)) depends upon the depends upon the 

initial value of X, so it also tends to a constant valueinitial value of X, so it also tends to a constant value

•• In the limiting case In the limiting case bb=1 the doubling time can be =1 the doubling time can be 
explicitly computedexplicitly computed
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•• The system tends to a state where the doubling of X is The system tends to a state where the doubling of X is 
synchronized with that of the containersynchronized with that of the container

•• Synchronization is not prescribed but it emerges in the Synchronization is not prescribed but it emerges in the 
dynamicsdynamics

•• It is a robust property, and it does not depend upon a It is a robust property, and it does not depend upon a 
supersmart chemistsupersmart chemist



Nonlinear kinetics: the case of a Nonlinear kinetics: the case of a 
single selfsingle self--replicating GMMreplicating GMM

•• a first integral is (a first integral is (bb=1)=1)
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In the large n limit In the large n limit 
nn --> H/(1> H/(1--p)p)

So So nn and Therefore also Xand Therefore also Xnn tend to a tend to a 
constant value: Synchronization againconstant value: Synchronization again
Provided that Provided that <2<2

This result holds for more This result holds for more 
general nonlinear functions of X/Cgeneral nonlinear functions of X/C

Constant duplication time impliesConstant duplication time implies
Exponential growth of the population: Exponential growth of the population: 
darwinian selection even if the kinetic darwinian selection even if the kinetic 
equations are sublinearequations are sublinear



GeneralizationsGeneralizations

•• synchronization is not based on the linearity of the synchronization is not based on the linearity of the 
replication kinetics, it holds for all the systems likereplication kinetics, it holds for all the systems like

•• The qualitative features of the asymptotic dynamics are The qualitative features of the asymptotic dynamics are 
not affected by the exponent not affected by the exponent bb
 Rescaling timeRescaling time

 So one can limit to study the So one can limit to study the bb=1 case to draw general =1 case to draw general 
conclusionsconclusions

 “micelle or vesicle doesn’t matter”“micelle or vesicle doesn’t matter”
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GeneralizationsGeneralizations

•• Synchronization is achieved also Synchronization is achieved also 

•• if we relax the S≈ Cif we relax the S≈ Cbb approximation and adopt a more approximation and adopt a more 
realistic vesicle geometry (e.g. spherical shell)realistic vesicle geometry (e.g. spherical shell)

•• if growth limiting terms are retained in the continuous if growth limiting terms are retained in the continuous 
growth phasegrowth phase

•• If we assume that the growth of the container is a If we assume that the growth of the container is a 
nonlinear function of X/Cnonlinear function of X/C

•• If we assume that the replicator is itself a part of the If we assume that the replicator is itself a part of the 
lipid container, like in GARD modelslipid container, like in GARD models

 Concentration is not X/C, but X/(X+C)Concentration is not X/C, but X/(X+C)



Pure selfPure self--replicators, linear casereplicators, linear case

•• Two linear replicators, Two linear replicators, 

•• Without direct interactionWithout direct interaction

•• Each one drives its own synthesisEach one drives its own synthesis

•• There are two first integralsThere are two first integrals

•• It can be proven that  the GMM which reproduces fastest prevails, It can be proven that  the GMM which reproduces fastest prevails, 
while the second eventually vanishes through the generations while the second eventually vanishes through the generations 
(survival of the fittest)(survival of the fittest)

•• If the kinetics is nonlinear both replicators surviveIf the kinetics is nonlinear both replicators survive
 Thir relative proportion is determined by the ratio of kinetic coefficientsThir relative proportion is determined by the ratio of kinetic coefficients
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Interacting molecules: linear Interacting molecules: linear 
kineticskinetics

•• The most interesting case is that where the informational molecules The most interesting case is that where the informational molecules 
directly interactdirectly interact

•• The simplest case is that of linear kinetic equationsThe simplest case is that of linear kinetic equations
 The overall model is of course nonlinear The overall model is of course nonlinear 

 We assume detM#0We assume detM#0
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•• By integrating and halving one By integrating and halving one 
gets gets 

•• So, if there is a stationary So, if there is a stationary 
value value 

•• X can be stationary provided X can be stationary provided 
that it is an eigenvector of Mthat it is an eigenvector of M

•• The eigenvalue is related to The eigenvalue is related to 
the asymptotic duplication the asymptotic duplication 
time time 
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•• The long term behaviour is ruled by the eigenvalue with the largest The long term behaviour is ruled by the eigenvalue with the largest 
real part (real part (11))
 If its real part is negative or null, X gets extinguishedIf its real part is negative or null, X gets extinguished

•• If If 11is real and positive, its eigenvector vis real and positive, its eigenvector v11 correctly identifies the correctly identifies the 
components which survivecomponents which survive
 i.e. those which are >0i.e. those which are >0

•• If M is nonnegative, If M is nonnegative, 11 is real and positiveis real and positive
 PerronPerron--Frobenius theoremFrobenius theorem



A different behaviour: A different behaviour: 
supersynchronizationsupersynchronization

•• If M has negative entries and If M has negative entries and 
11 has a nonvanishing has a nonvanishing 
imaginary part,  the imaginary part,  the 
duplication time may oscillate duplication time may oscillate 
in timein time

•• This behaviour allows This behaviour allows 
sustainable population growth sustainable population growth 
at a variable rateat a variable rate



Comments on the linear caseComments on the linear case

•• In the linear case the replicator equations rule the In the linear case the replicator equations rule the 
behaviour of the systembehaviour of the system

•• Vesicle splitting prevents unphysical infinite growthVesicle splitting prevents unphysical infinite growth

•• The asymptotic vector of concentrations is the same as The asymptotic vector of concentrations is the same as 
that of the ODE system for the Xthat of the ODE system for the X

•• The coefficients of the container growth equation do not The coefficients of the container growth equation do not 
affect the final ratio of abundances of various types of affect the final ratio of abundances of various types of 
replicators, although they influence their absolute valuesreplicators, although they influence their absolute values



Nonlinear interacting replicatorsNonlinear interacting replicators

•• The quasilinear case:The quasilinear case:

•• Imposing an upper limit on the Imposing an upper limit on the 
rate of production of GMMs rate of production of GMMs 
 Using a sigmoid functionUsing a sigmoid function

•• The behaviour is similar to that The behaviour is similar to that 
of the corresponding linear of the corresponding linear 
casescases
 Except that in some cases linear Except that in some cases linear 

oscillates while quasilinear oscillates while quasilinear 
synchronizessynchronizes

•• In the case of two replicators In the case of two replicators 
with quadratic kineticswith quadratic kinetics

•• No synchronization is observedNo synchronization is observed
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Several replicatorsSeveral replicators

•• The results which hold for two replicators generalize to The results which hold for two replicators generalize to 
the case of several of them the case of several of them 

•• No synchronization: No synchronization: 

•• extinction                                      or explosionextinction                                      or explosion
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Adding a linear termAdding a linear term

•• Synchronization or extinction are observedSynchronization or extinction are observed
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Second order, without selfSecond order, without self--
replicationreplication

•• Synchronization is observed if there are enough Synchronization is observed if there are enough 
nonvanishing matrix elementsnonvanishing matrix elements

•• Otherwise extinctionOtherwise extinction
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The Lorenz equationsThe Lorenz equations

•• Let us suppose that the replicator equations are those of Let us suppose that the replicator equations are those of 
the Lorenz modelthe Lorenz model

•• Without halving and growth, they give rise to the wellWithout halving and growth, they give rise to the well--
known strange attractorknown strange attractor

•• But in protocells they synchronizeBut in protocells they synchronize
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A kinetic model with chaotic A kinetic model with chaotic 
behaviourbehaviour

•• WilliamowsyWilliamowsy--Roessler Roessler 

•• Adapted to the protocell caseAdapted to the protocell case

•• Coupled to the container growthCoupled to the container growth

•• dC/dt=dC/dt=XX

•• A bifurcation as a function of A bifurcation as a function of 

•• Small Small : chaotic behaviour is conserved: chaotic behaviour is conserved

•• increasing increasing  one finds a periodic orbitone finds a periodic orbit

•• As As  is further increased a fixed point is further increased a fixed point 

•• is foundis found



Internal reaction modelsInternal reaction models

•• In these models Both GMMs and amphiphiles are formed In these models Both GMMs and amphiphiles are formed 
in the interior of the protocellin the interior of the protocell

•• Using precursorsUsing precursors

•• which can freely diffuse through the membrane (“fast which can freely diffuse through the membrane (“fast 
IRMs”)IRMs”)



Internal reaction modelsInternal reaction models

d
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membrane (“fast IRMs”)



IRMs behave much like SRMsIRMs behave much like SRMs

•• If the diffusion of precursors is fast the equations turn If the diffusion of precursors is fast the equations turn 
out to have the same form as those of surface reaction out to have the same form as those of surface reaction 
modelsmodels

•• Synchronization in the linear caseSynchronization in the linear case

•• Lack of synchronization in the purely quadratic caseLack of synchronization in the purely quadratic case

•• The behaviour of nonlinear models is similar to that of The behaviour of nonlinear models is similar to that of 
SRMsSRMs



Finite diffusion rateFinite diffusion rate

•• Let us now consider that the Let us now consider that the 
membrane limits the diffusion membrane limits the diffusion 
of precursorsof precursors

•• We will suppose that the We will suppose that the 
external concentration of external concentration of 
precursors of amphiphiles and precursors of amphiphiles and 
that of precursors of that of precursors of 
replicators are bufferedreplicators are buffered

•• But the internal concentration But the internal concentration 
is ruled by Fick’s lawis ruled by Fick’s law

•• The rate of production of new The rate of production of new 
X is proportional to X is proportional to 

•• VVii[X][P[X][PXX]=V]=Vii
--11XPXPXX •• Synchronization!Synchronization!

 Proven by simulationsProven by simulations

CiC XPVh
dt

dC 1
'


 

XiX XPVh
dt

dX 1
'


 

CiC

i

C

CC

C

XiX

i

X
XX

X

XPVh
V

P
ESD

dt

dP

XPVh
V

P
ESD

dt

dP

1

1

'

'



































conclusionsconclusions

•• Synchronization is widespreadSynchronization is widespread

 It is robust with respect to major changes in the modelsIt is robust with respect to major changes in the models

•• Fine tuning of the rate constants is not necessaryFine tuning of the rate constants is not necessary

•• These results are based on a deterministic modelThese results are based on a deterministic model

•• But the behaviour is robust with respect to But the behaviour is robust with respect to 

 fluctuations in splitting threshold fluctuations in splitting threshold 

 uneven divisionuneven division



HoweverHowever

•• The model discussed so far ignores creation of new The model discussed so far ignores creation of new 
molecular speciesmolecular species

 There can be only selection in the initial population of protocellsThere can be only selection in the initial population of protocells

•• Stochastic dynamics is necessary Stochastic dynamics is necessary 

 In particular when the number of molecules is smallIn particular when the number of molecules is small



Zooming into the dynamics of Zooming into the dynamics of 
the genetic memory moleculesthe genetic memory molecules
•• TheyThey can can bebe supposedsupposed toto bebe largelylargely randomrandom

•• And so are And so are theirtheir interactionsinteractions

 A A randomrandom reactionreaction networknetwork

•• KauffmanKauffman modelmodel: the : the moleculesmolecules are are linearlinear chainschains fromfrom
anan alphabetalphabet

 E.g. {A,E.g. {A,BB}}

•• EachEach moleculemolecule hashas a a certaincertain probabilityprobability ofof catalyzingcatalyzing a a 
givengiven reactionreaction

 ChosenChosen at at randomrandom

•• OnlyOnly catalyzedcatalyzed reactionsreactions are are takentaken intointo accountaccount



The scenarioThe scenario

•• A set of randomly generated moleculesA set of randomly generated molecules

•• In an openIn an open--flow wellflow well--stirred reactorstirred reactor

 In the future, in a protocellIn the future, in a protocell

•• Catalysts are themselves reaction productsCatalysts are themselves reaction products



Catalyzed reactionsCatalyzed reactions

-Two types of reaction:
- Condensation
- Cleavage

- A particular species is assumed to
catalyse a particular reaction with
independent probability p

- It is assumed that these reactions
occur at a negligible rate unless they
are catalysed

- trimolecular reactions are neglected,
so condenzation takes place in two
steps

CBACAB
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Sets of reactionsSets of reactions

•• R is the number of conceivable reactions among all the R is the number of conceivable reactions among all the 
existing speciesexisting species

•• In a given network realization only a subset could In a given network realization only a subset could 
possibly be catalyzed (admissible reactions)possibly be catalyzed (admissible reactions)

 Their expected value is R*pTheir expected value is R*p

•• In a given story, at a certain time, only a subset of the In a given story, at a certain time, only a subset of the 
admissible reactions (the possible reactions) will have a admissible reactions (the possible reactions) will have a 
chance to take placechance to take place

 i.e. those whose catalysts and reactants do exist at that timei.e. those whose catalysts and reactants do exist at that time

•• The actual reactions which take place are those which The actual reactions which take place are those which 
correspond to encounters which do happencorrespond to encounters which do happen



•• AsynchronicityAsynchronicity posesposes a a newnew problemproblem

•• ThereThere are at are at leastleast threethree typestypes ofof reactionreaction graphsgraphs

•• ThatThat ofof allall the the reactionsreactions whichwhich are are possiblepossible, , givengiven the the 
existingexisting molecularmolecular speciesspecies

•• ThatThat ofof the the reactionsreactions whichwhich actuallyactually havehave takentaken placeplace

•• ThatThat ofof the the reactionsreactions whichwhich take take placeplace exactlyexactly at at timetime tt

 In the In the GillespieGillespie algorithmalgorithm therethere isis onlyonly oneone reactionreaction per per stepstep, , 
thereforetherefore the last the last graphgraph isis uselessuseless

WhichWhich graphgraph describesdescribes the the 
reactionreaction network?network?



•• The The actualactual reactionreaction graphgraph betterbetter describesdescribes the the trajectorytrajectory
ofof a systema system

•• IfIf a a givengiven speciesspecies becomesbecomes extinctextinct allall itsits reactionsreactions are are 
cancelledcancelled

 HoweverHowever itsits propertiesproperties are are retainedretained forfor possiblepossible future future 
reappearancereappearance

•• OneOne hashas howeverhowever toto definedefine a a timetime windowwindow forfor forgettingforgetting

 IfIf the the memorymemory werewere infinitelyinfinitely long long thenthen oneone wouldwould continue continue toto
take take intointo account account reactionsreactions whichwhich are are extremelyextremely rarerare



•• They are identified by the study of the eigenvalues of the adjacency They are identified by the study of the eigenvalues of the adjacency 
matrixmatrix
 When λWhen λ11 ≥ 1 an ACS appears≥ 1 an ACS appears

•• Or by searching the Strongly Connected Or by searching the Strongly Connected 
Components of the graph Components of the graph 

Autocatalytic setsAutocatalytic sets
N1 N2 N3 N4 N5 N6 N… N… N… N… N… N… N… N… N…

N1 0 0 0 0 0 0 … 0 0 1 0 0 0 1 0

N2 0 0 1 0 0 0 … 0 0 0 0 0 0 0 0

N3 0 0 0 0 0 0 … 0 0 0 0 0 0 0 0

N4 0 0 0 0 0 0 … 0 0 0 0 0 0 0 0

N5 0 0 0 0 0 0 … 0 0 0 0 0 1 0 0

N6 0 0 0 0 1 0 … 0 0 1 0 0 0 0 0

N… … … … … … … … … … … … … … … …

N… 0 0 0 0 0 0 … 0 0 0 0 1 0 0 0

N… 0 0 1 0 0 0 … 0 0 0 0 0 0 0 0

N… 0 0 0 0 0 0 … 0 0 0 0 0 0 0 0

N… 0 0 0 0 1 0 … 0 0 0 0 0 0 0 0

N… 0 0 0 0 0 0 … 0 0 0 0 1 0 0 0

N… 0 0 0 0 0 0 … 0 1 0 0 0 0 0 0

N… 0 0 1 0 0 0 … 0 0 0 0 0 0 0 0

N… 0 0 0 0 0 0 … 0 0 0 0 0 0 0 0



changing changing influxinflux diversity (up to “tetramers”)diversity (up to “tetramers”)
(A, B, AA, AB, BA, BB

AAB, ABA, …, AAAA, 

AAAB, …, BBBB)

Changing the Changing the influxinflux



Residence timeResidence time

•• The relative importance of influx vs initial internal The relative importance of influx vs initial internal 
composition depends of course upon the residence timecomposition depends of course upon the residence time

•• The figure shows that the number of surviving species The figure shows that the number of surviving species 
grows with residence timegrows with residence time



Diversity or maximum length?Diversity or maximum length?

•• Changing the maximum length while keeping the total Changing the maximum length while keeping the total 
number fixed has a limited effectnumber fixed has a limited effect



Diversity or maximum length?Diversity or maximum length?

•• Changing the diversity of the incoming flow affects the Changing the diversity of the incoming flow affects the 
outcomeoutcome



Dependence of ACSs upon Dependence of ACSs upon 
reaction probabilityreaction probability



fragilityfragility

•• In several simulations ACSs are fragile although the In several simulations ACSs are fragile although the 
reaction probability is set to the critical valuereaction probability is set to the critical value

•• The influx is chosen in such a way as to not include The influx is chosen in such a way as to not include 
ACSsACSs

•• Those which are formed recruit some new molecules Those which are formed recruit some new molecules 
which are formed in the growth processwhich are formed in the growth process

•• Some of them are present in low numbers and take Some of them are present in low numbers and take 
place rarelyplace rarely

•• The presence of ACSs does not usually produce dramatic The presence of ACSs does not usually produce dramatic 
effects on molecule numbereffects on molecule number



•• It would be helpful to be able to increase the It would be helpful to be able to increase the 
concentrations of chemicals where they are neededconcentrations of chemicals where they are needed

 E.g. in protocellsE.g. in protocells

•• A possible (hypothetical) mechanism could be based on A possible (hypothetical) mechanism could be based on 
the reactions which take place on the two sides of a the reactions which take place on the two sides of a 
surfacesurface

•• Which separates two compartments with different Which separates two compartments with different 
volumesvolumes

 A large one and a small one A large one and a small one 



CSTR systemCSTR system



Isolated systemIsolated system



Information, matter and energy!Information, matter and energy!

•• We consider that some reactions may require activationWe consider that some reactions may require activation

 in reactants or catalystsin reactants or catalysts

 Endoergonic reactions Endoergonic reactions 

 There are also exoergonic and neutral reactionsThere are also exoergonic and neutral reactions

•• Energy is provided from outside (e.g. as influx of energy Energy is provided from outside (e.g. as influx of energy 
carriers)carriers)

•• In the following example In the following example 

•• Condensations are endoergonicCondensations are endoergonic

 They require that at least one of the reactants is energized, They require that at least one of the reactants is energized, 
while the catalyst is notwhile the catalyst is not

•• Cleavages are energetically neutralCleavages are energetically neutral



There is an optimal value of the energy flowThere is an optimal value of the energy flow

Number of species above 
Threshold vs energy carrier 
influx rate and kinetic 
Constant of energization reaction



•• Most molecules are produced in chainsMost molecules are produced in chains

•• (left, in ACS and leaves; right, in chains)(left, in ACS and leaves; right, in chains)



PerspectivesPerspectives

•• A major goal: simulate a population of protocells each A major goal: simulate a population of protocells each 
one hosting a random reaction networkone hosting a random reaction network

 Structure Structure ––dependent probability of catalysisdependent probability of catalysis

 Coupling between exergonic and endoergonic reactionsCoupling between exergonic and endoergonic reactions

 ……

•• Does  heterogenity give rise to unexpected phenomena?Does  heterogenity give rise to unexpected phenomena?

•• A possible topic for a concerted actionA possible topic for a concerted action


