Chaosin chemoton dynamics
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Ganti's chemoton model (Cell.Biol.Int. 26, 729, 2002) is consideredhasanic example of a minimal proto-
cellincluding three key ingredients: membrane, metabolism and informatiwe three subsystems are coupled
and it is suggested they guarantee a stable, homeostatic replication cyelevet, a detailed exploration of
the model indicates that it displays a wide range of complex dynamigs,riegularity to chaos. Here we report
the presence of a very rich set of dynamical patterns potentially displayea protocell as described by the
chemoton model. The implications for early cellular evolution and synthésidificial cells are discussed.
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I. INTRODUCTION a way that they help each other. Clearly, once a threshold
of chemical complexity is reached, nonlinear phenomena are

Cells are the basic building blocks of all life on our planet, lIKely to develop.  In this context, it is relevant to ask what

They are the minimal systems able to self-replicate in a-regulYP€S Of dynamical patterns are expected to occur when an ar-
bitrary set of conditions are used to build a protocell: age s

lar manner and evolve through changes in genetic informatio S .
Understanding how cellular life emerged is one of the mosP!€ réplication cycles a generic feature of a coupled seebf ¢
ular components? Can nonlinearities jeopardize the poese

challenging problems in life sciences. The early originelf c ) ;
lular life was certainly not associated to a complex memiran ©f @ Stable cell cycle and potential heredity? Is the complex

with a long genome and intrincated metabolic pathways. Inity Of templates a key ingredient in sustaining reliablelirep
stead, it is believed to have been the result of coupled,lsimp cation? Little is known about these questions. In this paper
chemical reactions that allowed evolution to act on refiiga. W& Want to address them by means of a numeric study of the
nanostructures. Theoretically, this hypothesis is theshafs SO calledchemoton model. This model is a simple, but rich
the most relevant modelling approaches available in tee lit PProach to protocellular dynamics. It has been used as-a pro

ature [8]. Experimentally, the moment of the synthesis of arfoype _model of cellular life. As shown here, v.ery.complex
artificial nanocell based on this theory seems to be cloger th dynamical patterns can be observed even at this simple level
ever [7] thus suggesting that the richness of potential dynamical be
) - - ... haviors exhibited by protocells can be high. Besides, it gen
What are the minimal building blocks of a self-replicating erates new evolutionary gquestions to be answered by future
protocell? This is a fundamental question of both theoaétic ya y

and practical relevance. At its fundamental level, it beesm experiments in this area.
linked with early conjectures about what is required in orde
to have self-replication. Pioneering work by von Neumann
revealed that a machine able to replicate itself needee thre
basic ingredients which can be easily identified with the key
components found in real cells in our current biosphere (see As the driving force of living systems is the chemical en-
[4] and references therein). More precisely, all cells deti ergy and as chemical reactions can proceed with suitable in-
the three basic components of cellular networks: metamolis tensity only in fluid phase, generally a solution, livingt®yas
information and membrane [1]. All cells replicate theirésr ~ can be thought to have as a fundamental unit a fluid automata
itary information through template polymerization, whish
stored in the same linear chemical code (the DNA). In order
to sustain life, cells have to be in a nonequlibrium staténta
free energy from the environment. Raw materials are used to - o
drive the chemical reactions inside the cell body with thig he
of proteins acting as catalysts. The result of cellular @oh
is a complex set of structures that allow living forms to sur-
vive and exchange information with the environment. Beyond
the specific paths used, they all share a common trait: they
operate in closed cycles and define a non-separable whole.
Simple, minimal protocells should be able to sustain a re-
liable replication cycle, properly coupling the comporseint

II. CHEMOTON MODEL
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FIG. 1: Template chains may open randomly and for monomers’
concentration/’ below the critical threshold ™, the opposite ends
/ « ; i .
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TABLE I: Chemical reactions of the chemoton model

Metabolism Membrane Template
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endowed with the following properties: to function undez th Once again it discloses the controlling and coordinatirig ro
direction of a program, to be separated from the environmemf the template subunit.
and to reproduce itself. &hti first described such a model  The correct functioning of the chemoton lies in the precise
in 1971, where the program-controlled self-reproducingifiu  stoichiometric coupling of the three subunits, more pryis
automata was called chemoton — see review [6]. the coordination between the accumulation of molecules and
The chemoton consists in three functionally dependent auhe surface increase in order to achieve an equilibrium ef th
tocatalytic subsystems: the metabolic chemical netwdn, t osmotic pressure relative to the environment. If the concen
template polymerization and the membrane subsystem enclogation of molecules increases rapidly, the microspherstbu
ing them all. The self-reproducing metabolic network trans yhen the osmotic pressure reaches a critical value. On the
forms the external nutrients into chemoton’s internal mate  other hand, if the increase of the autocatalytic and menebran
necessary for template replication and membrane growth. molecules is parallel and exponential, with a similar growt
The second subunit consists in the self-replication of &f the microsphere surface, the liquid becomes diluted and
double-stranded template. For the double-stranded teespla the Sphere decompresseér@ (2002) argues that in order to
the chain ends can open due to inherent fluctuations, but witfesolve the instability by division into two identical spbe
high probability the corresponding monomers of the oppo-in osmotic equilibrium with their environment, the chenoto
site strands reconnect. If a sufficiently high concentratd
monomers is present, the bonding can also take place with

free monomers, leading to a zipper-like opening of the deubl -

stranded complex and to its replication (Fig 1). Once the ini S S—

tiation step has occurred, the secondary bonds are more prob Kl AN
able to open up, and thus the addition of new monomers is / X ‘

supposed to propagate quite fast . It is an oversimplified ver
sion of the semiconservative DNA replication where the two
strands of the parental double helix unwind and each spgcifie
a new daughter double-strand by base-pairing rules.

The program-controlled role of the template replication
consists in the fact that the monomers would not polymerize
until they have reached a certain concentration. The cbntro
thus implies the regulation of the monomer consumption in .
the copying process, depending on the number of template =
molecules present and the length of the strands, i.e. the num ,//' . \\kj/
ber of monomers needed to synthesize a new double-strand. \ 1 L
As the templates are double, the amount of monomers should ' / Y f\»\
also double in order to ensure a stable functioning of the au- L K R
tomata, leading to the necessity of the autocatalytic patfir
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the metabolic subunit. \\__ R
The third subunit is a model of a two-dimensional mem-
brane forming a spherical enclosure of the system. Once the

amount of monomers passes the required threshold value, the

template replication starts and its waste products reatt wi FIG. 2: The chemoton: the metabolic unit, the template (informa-
the membrane precursors producing real membrane moleculégn) subunit and the membrane subsystem. The dots in the template
which are spontaneously incorporated in the membrane, thugybsystem indicate the iterative development of the template replica-
increasing its surface and implicitly the chemoton’s votum tion frompVan - pV1 10 pVan - pVan-1.



must reach a state where both the surface and the inner com-
ponents have doubled their initial amount [5]. At this pre-

TABLE II: Kinetic differential equations of the chemoton model

cise moment, it is assumed that, due to the concentration de- A
cay, an osmotic vacuum develops and the membrane sphereis
elongated, with a neck forming in the middle leading to the *.*
subsequent division (none of these physical events arlyreal “®
introduced in the model explicitly). Ay
As defined, the model would allow a cycle stoichiomet- s
ric coupling of the autocatalytic cycles such that the num- V'
ber of membrane molecules necessary for surface doubling
is equal to the number of polymerization iterations needed f
complete replication of all template molecules. For exampl
(Ganti 2003) let us assume a sphere of 10 million molecules
membrane and0> simple strand templates. In order for the
chemoton to double its surface and template molecules, the
strands must be composedidf nucleotides [6]. T
One can notice that the total number of templates somehow 7
“genetically” influences the size of the chemoton (a simple 7
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phenotypic trait) as well as its replication time. As a cense ¢ = kTS
quence of this interdependence, the statistical halvinthef PVon = Uir pVan - pVan1 V' + ki pVan - pVi R—
number of template molecules leading to possible diffezenc ke DV V'
in the number of templates in the offspring cells might in- 6 pYan
troduce hereditary changes and genetic diversity of chemot  pVa, - pVi = ke pVan V' — ki pVan - pViR—
populations [6]. _ —kr pVan - pVi V'
! !
PVan - pVig1 = ke pVor - pVi V' — k7 pVan - pVia V

I11. THE MODEL 1<i<2n-—1

Unfortunately, the chemoton model introduced and stud- . o . .
ied by Ganti in several papers has drawn the attention of onlyP!l€S @ derivative with respect to time. .
a few scientists: Csendes (1984) and Fernando& Di Paolo AS a particularity, théis-equation was considered as neces-
(2004) - [2, 3]. Within the general approach to chemical re-Sary by Csendes (1984) “since _otherW|se in the case of ne_rtal
action networks, simulations of the chemoton model used th&i @ndk; the accumulated” might make the autocatalytic
standard kinetic differential equations providing the pemal ~ cycle slow down still beforé?, originated from theVa, syn-
evolution of the metabolites’ concentrations. More reilis thesis, might extract it.”
simulations are presented in [3] where a discrete protsgigili ~ The membrane subsystem obtains the precursor molecules
treatment of the template replication is coupled with a confrom the other two subunits and transforms them into a proper
tinuous deterministic treatment of the metabolism and memmembrane moleculd” (second column of Table I)These
brane subunits. However, no complete stochastic simulatiomolecules are spontaneously incorporated into the mem-
of the chemoton model has been performed so far. brane’s molecules and the speed of the process is propalrtion
Table | includes the chemical reactions of the chemotorf0 the membrane surface argawith a proportionality coeffi-
model, wherek; are the rate constants. The members of thecientkio (Csendes 1984).
metabolic autocatalytic cycle are denoteds..., As. The We denoted the double-stranded template molecules as
five elements are produced fram through a closed cycle in-  pVa, indicating its composition, formed by two simple strands
volving five reactions: the consumption of the externalinutr of n pieces of monomeV”’. As in the previous studies, we
ent X, the formation of wast&”, of template and membrane consider the template replication in a zipper-like form &s e
precursors)’ and 7", respectively, and the closing step of pressed above, where a waste moledhlés also produced
the autocatalytic cycle producing twé, (see Table 1). Itis (see the third column of Table I). Overall, the templateirepl
assumed that a large quantity of nutriefitis available and ~ cation ensures that exactly as mdriyare necessary to repli-
that the wast&” is eliminated through the membrane in suchcate thepVs,, templates as man§" are produced and are
manner that the number g andY molecules can be con- heeded to equal the double of the initial number of membrane
sidered as constant, denoted¥®ndY. One can notice that molecules.
at least one of the metabolism molecules must be present at The reaction rate constant of the initiation for the tem-
an initial moment inside the chemoton in order to ensure thelate replication istg = 0 for V' < V*, whereV* is the
metabolism functioning and thus chemoton’s survival. In ac monomer threshold associated to replication initiatiome T
cordance with these chemical reactions, the kinetic d@iffer template replication initiates once the conditigh > V* is
tial equations describing the temporal evolution of thenche fulfilled. At this momentkg acquires a nonzero value and the
ical system are included in Table II, where the upper dot imsurface, and implicitly the volume, of the chemoton staots t
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FIG. 3: Time series of metabolites concentration for the strong conditioenplate replicationX = 100, N = 25, V* = 35. This case
presents two self-replication periods. One can notice that the concensrat@yease after division. The surface is denoted by

grow. When the surface doubles its initial value, the chemonext integration step. Since concentrations are given ils mo
ton is assumed to divide, a process interpreted as the balvirper volume, the division, as defined here, implies the hglvin
of its surface and all its metabolites, and the system of dif-of both moles and surface. This entails the multiplicatiébn o
ferential equations resumes integration with the new wahie the concentrations at division with a factdiv = 0.5 x f =
the metabolites’ concentrations. V2, with f = 23/2, It is a consequence, on one hand, of
The volume is not explicitly introduced in the model and the halving in moles and, on the other hand, of the volume
therefore neither in the equations system describing tine te rescaling factor as$;, = 25,, with b anda referring to the
poral evolution of the concentrations. However, the concenvalues before and after division, respectively. One caitaot
trations depend intrinsically on the volume. Thus, in orderthat the concentrations of the substrates increase atrggplit
to obtain their correct value at each step, one must rescale This rescaling is not performed in [2], while in [3] it is dis-
them to the new volume resulting from the increase of surfacgyssed, but not included in the simulation, as one can see in
S. This implies that, once the template replication and alsgheir Fig. 2 that the concentrations decrease at divisidris T
surface growth start, after each stepne must multiply the  jntroduces a warning with respect to the results they obtain
resultant concentrations by the factor and their interpretation. Their main results concern thede
dence of the chemoton’s replication time on the main param-
3/2 eters of the model, such as monomers thresh@ldtemplate
f= Vior _ (Si—1> ’ (1) length N or nutrient concentratio’. Interesting enough,
Si Csendes (1984) obtains that longer templates have lowér rep
cation times at low levels of nutrient concentration, inipty

with the resulting values being used as input conditiongifer
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FIG. 4: Dependence of the replication time on the monomers thresh~IG. 5: Dependence of the replication time on the monomers thresh-
old for the case of strong replication condition with = 10 and  old for the case of strong replication condition with = 10 and
X =100. X =10.
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FIG. 6: Time series of metabolites concentration for the strong condititengblate replicationX = 100, N = 10, V* = 90. This case is
representative for a dynamics characterized by a diversity of splieation periods. See Fig. 4.

an increased fitness in harsher environments. Fernando &Di A. Strongreplication condition
Paolo (2004) disprove this result, but discuss the kinetic ¢
ditions that could lead longer-templates chemoton inteefas A strong condition for the template replication can be con-
replication [3]. sidered as the case in which the replication - initiatamd
propagation - occurs only for values of monomer concentra-
tion above the threshold value. We present the time series
associated to this dynamics in Fig. 3. One can notice the
IV. RESULTS existence of multiple self-replication periods. Moregwede-
tailed analysis of the dependence of the replication timiaen
) ] monomer concentration shows a highly nonlinear behawor, a
As mentioned above, none of the previous works on chemayystrated in Fig 4 for the case &f = 10 andX = 100. Here
ton dynamics include explicitly the rescaling of the vakeb 5 pjifurcation diagram has been constructed. It shows iaterv
due to volume increase. Such a correction is of high imporyf the threshold value for which the cycle duration is thesam
tance in order to obtain an appropriate mapping between thgnile for other intervals it is chaotic.
implicit cell division occurring in this model and what i&ély In particular, a bifurcation occurs &* ~ 9 leading to
to occur in real protocells. Using the previous set of equesti 1,/ different, alternating protocell cycle lengths. A&
and the rescaling of concentrations, we can now analyze th&rows further, successive bifurcations (including perioa-
expected dynamical patterns and transitions to be obsérved bling and halving) take place and the range of cycle duration
a protocell. widens. This observation indicates that, in the chaotic do-
main, a homogeneous initial cell population with similair in
tial conditions would change towards a system with an het-

0.30 erogeneous spectrum of cell sizes. Additionally, the negui
ment thatl” > V* implies that conditions for template repli-
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FIG. 7: Dependence of the replication time on the monomers thresH=!IG. 8: Temporal evolution of the replication period fr = 10,
old for the case of weak replication condition wii = 10 and X = 100: (upper panely’* = 100 and(lower panellV* = 55. See
X = 100. Fig. 7.
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0.20 ' ' ‘ study still revealed the irregular dependence of the chemot
0.16%" (a) | replication period on the template threshold, as can beigeen
Fig. 7. Additional to the bifurcations similar to the preu®
section, we also show in Fig. 8 an example the temporal evo-
0.08 . lution of the replication time for a stable and an irregulase
oouk” ] of replication.
S S S R R Fernando&Di Paolo (2004) obtained an optimum value for
(b) the template length showing longer replication time, respe
tively, for either higher or lower template length compated
i that optimum value. However, we have to remark from their
Fig. 5(b) that the difference in the shortest and longedi-rep
1 cation time is of the order of the integration time step, ex-
tremely diminishing the significance of an “optimum” value.
e In Fig. 9, we present our results using the same parameters
OF which lead Fernando&Di Paolo (2004) to their results. One
] can notice that we obtain a similar dynamics as the one from
I the previous sections, implying an intrinsic characterist
"'iI m“,,,ui""'""""""3‘ the chemoton. Moreover, the differences between our gesult
1 and the ones existent in the literature suggest that theg are

0.12r g

Cycle duration Cycle duration Cycle duration

0.00 S I S consequence of the way the chemoton responds to the increase
1020 30 40 50 €0 7080 90 00 L0 10 B0 4t yoiume. Thus, no optimum value of the template length is
apparent from our results. From Figa,®one can notice that
FIG. 9: Dependence of the replication time on the template lengttthe scarcity of nutrients (low values &f) has a significant im-
for the weak replication condition for the cases(aj X = 100, pact on the dynamics, leading to a more irregular replicatio
V* = 35andk; = 10; (b) X = 1, V" = 35 andks = 10; (c)  at low template lengths.
X =100, V" = 35 andks = 100, An even stronger effect in this direction is obtained by in-
creasing the reaction rate of the template replicationtieac
(k7) (Fig. %) — as performed in Fernando&Di Paolo (2004) —
Catiqn inVOlVing hlgh thresholds WOUld be associated to- NONgnd based on a more realistic approach in which the bottkenec
stationary replication cycles. This result suggests tmadler  step for the replication is the initiation, with the proptiga
the present model constraints, evolution would have tuned t occurring on a much shorter time scale.
efficiency of the polymerization event in order to avoid &@st |t js interesting to note that template length can be a source
bilities. of stability. As indicated in figure 7, increasing template
One can see that a similar dependence of the replicatiopngth (and this “genome” complexity) leads to a reductibn o
time on the monomer’s threshold” holds for the case of the variance in cycle periodicity. By suppressing chaosafor
lower X, as can be observed in Fig. 5. As expected, th@east diminishing its influence) an increase in the compjexi
replication periods are longer since the nutrients arecsca  of template molecules might be able to stabilize cell replic
more typical illustration of the temporal evolution of thene  tjon cycles. Our results thus suggest one possible source of
centrations and as an example of high diversity of repbeati - selection towards a more complex cell where, in spite of the
periods, we include in Fig 6 the time series of the concentrahjgher building cost, larger information carriers mightfae
tions associated to the cagé = 90 of Fig 4. vored.
Independent of these results, the condition on the template
replication discussed above and used for this study appsars
too strict to be considered a realistic replication of a deub V. DISCUSSION
stranded structure as represented in Fig. 1. More prectbely
theory also suggests that the initiation step acts as afstatc
the template replication, with the latter being indepemnadsn
the monomer concentrations once the initiation has ocdurre

As discussed in the introduction, the chemoton model [5]
is an important step toward an integrated model of a pratocel
capable of performing the essential functions of a living-sy
tem [7, 9]. The importance of this model relies on the fact tha
it is the simplest existent model which includes the three es

B. Weak replication condition sential processing units: the metabolism, the membrane com
partment and the “genetic information”. The particulaxty

As discussed in the previous section, a more relaxed antfe model resides in the stoichiometrical coupling of thre¢h
realistic condition for the template replication consigts autocatalytic subunits. This coupling ensures the “saiviv
the following approach: the replication can initiate after of the chemoton through the stability of the replicationleyc
the monomers reach the threshold concentration, with the Contrary to the existent studies of the chemoton model
propagation of the replication evolving unhindered by thethrough the deterministic reaction rate equations, owtystid
monomers concentration once the initiation has occurred. O the parameters space of the model reveals parameters ranges



yielding not only stable replication cycle, but also pargane first glance, this behavior may be considered as a drawback to
ranges for which various replication periods exist. We lteca the model and an undesired result as it might suggest an in-
that the difference between our study and the ones existent trinsic instability of the replication cycle. On the othearid,
the literature resides in the rescaling of the chemotons co it may imply an evolutionary advantage in the perspective of
centrations at each step due to the increase in volume, if & population of chemotons. More precisely, in the advent of
occurs. simulating a population of chemotons in order to identify se
The richness of dynamical patterns shown here confirmgection effects and population dynamics, the diversityeqfli
the commonality of nonlinear behavior found in most biolog- cation cycles, and implicitly of chemoton “genotypes” may
ical systems. The presence of reliable, stable cell refilica prove to be an advantage. This uncertainty can be resolved
is separated by sharp bifurcations from those less prdafiicta only by the simulation itself, and we consider this issuewas o
ones. Relevant parameters include continuous ones (such fagure investigation on the chemoton dynamics.
V*) and discrete ones (such as template length). The pres-
ence of these domains might have nontrivial implicationst J
looking at the two parameters explored here, selectionridsva
predictable cell cycles seems to be possible provided tiat i
tiation of template replication is efficient enough: lowebkh-
oldsV* would be searched for. On the other hand, increasing The authors thank Harold Fellermann, Javier Macia, Josep
template complexity might have more benefits than costs: iSardanyes and Sergi Valverde for useful Venetian discossio
selection towards fast-replicating cells is at work, it htiglso  around protocells and life. We also thank Steen Rasmussen,
require a reduction of fluctuations, which can be achieved bylohn McCaskill, Norman Packard and Mark Bedau for use-
using larger information carriers. ful comments. This work has been supported by EU PACE
The existence of the irregular replication cycles is raiva grant within the 6th Framework Program under contract FP6-
especially considering its absence in the previous stuadids 002035 (Programmable Artificial Cell Evolution), by MCyT
considering that the volume rescaling is mandatory. At thegrant FIS2004-05422 and by the Santa Fe Institute.
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