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Chapter 6

Conclusions and perspectives

The aim of this thesis was to prepare synthetic systems that imitate life - understood as
a combination of self-replication, compartmentalization and metabolism. In each of the
previous chapters, there is already a "Conclusions" section about each result individually
- the content of those sections will not be repeated here. Instead, the purpose of this chapter
is to show a more critical and speculative perspective, where I express my views about the
relevance of these results in the field of systems chemistry and, especially, as steps towards
de-novo life. In this chapter I also discuss how the different results could be connected to
each other to further advance this research, and finally, I give a broader analysis of the
field from my point of view.
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CHAPTER 6. CONCLUSIONS AND PERSPECTIVES

6.1 Conclusions and perspectives

This thesis begins with replication, by using as a starting point a previously devel-
oped system that we study in Chapter 2. The results of that chapter can initially
seem specific to our system, but they become more relevant if we look at them in
the context of the different types of autocatalysis that we discussed in the intro-
duction (Sections 1.3 and 1.4). As we said in those sections, physical autocataly-
sis (based on processes such as the accumulation of a hydrophobic precursor in
a membrane) is not enough to be characterized as self-replication: it lacks the in-
formation transfer that normally arises from a templating effect. The mechanism
that we show in Chapter 2 is remarkably similar to this physical autocatalysis: it
is based on the (apparently disordered) accumulation of precursors on the sur-
face of the self-replicating structure. However, some type of templation must be
taking place at some point of the process, as the fibres are only formed from one
specific macrocycle. Therefore, we are in presence of a mechanism of autocataly-
sis that is somehow between "physical" and "templated". It would be particularly
interesting to establish at which step templation takes place, and which is the role
of that step in the kinetics. This might show new ways in which templation can
take place, or even more interestingly, uncover a mechanism of self-replication
in which autocatalysis (driven by a "physical" process) and information trans-
fer (driven by templation) take place in separate steps (that might be coupled or
decoupled).

The study of the compartmentalization of replicators made in Chapter 3 high-
lights some general difficulties of working with coacervates. Coacervates have
many interesting properties that can be related to life, but their tendency to coa-
lesce results in problems when trying to perform long-term studies. In this the-
sis, we had to choose between accepting that coalescence (which would prevent
spatial separation between the content of different droplets) or keeping the coac-
ervates immobilized on a surface (which does not allow for mixing and leads
to inhomogeneity of the solution). Strictly speaking, these are not necessarily
problems (both transient compartmentalization [1] and heterogeneity [2] are im-
portant concepts in the origin of life), but it is hard to imagine real systems where
they are a feature rather than a complication of the analysis. Furthermore, as ev-
idenced by the complete change of behaviour of the self-replicating system, the
results of Chapter 3 show that coacervates can be less innocent than it has been
shown in literature, something to take into account when working with replica-
tors that are as sensitive as the one used in this thesis. To avoid coalescence, one
can follow the strategy of most authors and combine the coacervates with some
type of membrane [3], but that seems to defeat a number of purposes of using
coacervates (ease of preparation, simplicity of the compartment, prebiotic plausi-
bility...). In this context, I would like to praise the original (although optimistic)
approach taken by Spruijt et. al: embrace the transient nature of the coacervate
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6.1. CONCLUSIONS AND PERSPECTIVES

droplets and expect that the problem will solve itself in an out-of-equilibrium
regime, where their destruction will be faster than their coalescence [4]. How-
ever, despite these and the previously discussed challenges (which to be fair, can
be expected of other compartments as well), I believe that the advantages of us-
ing coacervates for compartmentalization greatly outweigh the problems, and
that great progress can be made from their combination with our peptide-based
replicators. This thesis shows a first crucial step: that self-replication can take
place inside of coacervates. The obvious next steps would be coupling replica-
tion to coacervate synthesis (a possible and definitely very optimistic strategy
was suggested in Section 3.5) or using coacervates to separate species in com-
petition experiments. If those steps were successful, they would lead to results
unprecedented in the field.

The results in Chapter 4 stand by themselves as the first combination in syn-
thetic systems of self-replication with a protometabolic reaction that uses external
energy for the benefit of the replicator. As discussed in that chapter, the reactions
described in it cannot be technically classified as metabolism (defined as a combi-
nation of catabolism and anabolism), since energy is not stored and the reactions
catalysed are not endergonic. This "protometabolism" does not fulfil a thermody-
namic purpose, but a kinetic one - reactions are triggered by catalysis and not by
coupling to a thermodynamic driving force. In a model system such as this one
(where the building blocks are provided and do not need to be synthesized from
molecules with higher entropy), as long as there is a large enough difference in
rates between the catalysed and uncatalysed pathways, one can argue that there
is no practical difference between the two different ways of triggering a reaction.
For this reason, the protometabolism described in this chapter could already un-
lock new life-like behaviours (possibly after optimization - the difference in rates
between catalysed and uncatalysed reactions is not particularly large at the mo-
ment), such as synthesis of compartment-forming molecules or selection between
different replicators based on a function that is not replication itself.

But let us think for a moment about how selection based on this protometa-
bolism could be implemented in an actual experiment. We could start with a pair
of replicators based on 1-like building blocks (such as the ones shown in Figure
S4.17 or in Section 4.5) that interact with a dye in different ways: replicator "A"
activates it as a photocatalyst while replicator "B" does not. In carefully designed
out-of equilibrium conditions (such as an inflow of a reducing agent), A would
produce enough disulfide precursors to persist by itself and B would not. But
what would happen if both replicators were mixed and subjected to the same in-
flow of reducing agent? Despite A being the only one causing oxidation, there
is no reason why that process would lead to the oxidation of only the monomers
of A: the precursors of both A and B would be formed upon photocatalysis (or
from the disulfide exchange that would inevitably take place afterwards) and
there would be no selection. Furthermore, since less A would be formed than
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CHAPTER 6. CONCLUSIONS AND PERSPECTIVES

in an experiment by itself (part of the oxidation would be "lost" on the forma-
tion of B), this would lead to a constant decrease of the activity of the dye and a
disappearance of both species: the system would be in a situation of parasitism
similar to the one described in Figure 1.7a. That figure already hints how we can
get a different outcome - with compartmentalization: by keeping each replicator
and its monomers close, we can ensure that photooxidation mostly benefits the
replicator activating the photocatalyst and not the other.

This thesis has already explored how to implement compartmentalization us-
ing coacervates. But we should not limit ourselves when thinking about "com-
partments". I have just discussed in this section how the mechanism studied
in Chapter 2 includes both spatial accumulation of precursors close to the self-
replicating fibres and a recognition step that we do not yet understand. If that
recognition step happened to be selective towards the monomers of each replica-
tor (or if we made it selective, by synthesizing replicators with specific binding
groups), this could be enough of a "compartmentalization" to achieve selection.
This strategy, on which our group is working at the moment, could work both
ways: these experiments can lead to selection, but also help us understand pre-
cursor binding better.

Finally, we reach the results of Chapter 5. Despite the connection between
oscillations and living systems, the results of this chapter stray away from the
origin-of-life theme of the rest of the thesis and are related to the more general
topic of emergent properties in complex reaction networks. It is hard to evalu-
ate the importance of the results of this chapter at this stage: our model shows
that the design might work conceptually but the inhibition will probably need
to be optimized. It is also hard to deduce from the results if the damping of the
oscillations is a problem that can be solved with parameter optimization or if it
would require a fundamental redesign. But besides the specific issue of making
oscillations work in this system, it is remarkable how closely related the fields of
origin of life and chemical reaction networks are. In a work such as this thesis,
where our definition of life is not constrained to a particular set of building blocks,
achieving a behaviour associated to life is a very similar problem to achieving any
other complex behaviour. For example, the only difference between the oscilla-
tor proposed in Chapter 5 and the theoretical out-of-equilibrium protometabolic
replicator discussed two paragraphs ago is the sign of the second feedback loop -
negative in the former and positive in the latter.

My opinion is that, considering the current state of the art, this can be gen-
eralized: at its minimal level, de-novo living systems (or protocells) are just com-
plex reaction networks designed to show a specific set of behaviours. There-
fore, the field of synthetic life will advance both with research that is clearly
oriented towards prebiotic behaviour and with research aimed to "just" couple
reactions and design complex systems. At the moment, the community of sys-
tems chemistry/out-of-equilibrium chemistry/prebiotic life is very well funded
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and active, and we are starting to have a variety of options for fueling, keeping
systems out of equilibrium, and designing different feedback loops. We should
use this momentum and start using the systems that we already have to design
complex reaction networks, but we might be at a point where we need to have
more theoretical tools at our disposal. Here, theory does not refer only to kinetic
simulations (despite those being a necessary piece of the puzzle) and to collabora-
tion with theorists - experimental chemists aiming to work on chemical reaction
networks should start becoming more proficient in a deeper algebraic analysis
that is normally not part of the chemistry curriculum. Developing this theoretical
background might also trigger a change in perspective and in identifying what
is important. Sometimes, the discussion can revolve around issues such as what
is the definition of "fueling"? or what is the difference between "out of" and "far from"
equilibrium?. Despite their interest for chemists, these questions might be irrele-
vant if the goal is achieving a certain network topology.

In Chapter 1 we have discussed different definitions of life, either based on
its characteristics (which here mean compartmentalization, replication, metabo-
lism... and can be correlated on a basic level to network topology) or based on
its behaviours (i.e: Darwinian evolution, persistence over time, autonomy...) An
interesting consequence of looking at life as "simply" a complex reaction network
is that it allows us to study the relationship between these two levels. Is the life
that we know just one of many complex systems, and its behaviours could have
emerged from reaction networks with different characteristics? Or, in order to
reach those behaviours, we need to rely on the same solutions and some of those
characteristics are essential? At the end of Section 1.2, we discuss how the differ-
ent definitions of life can be related to each other in ways that are hard to predict
(i.e. how compartmentalization and metabolism can lead to an unexpected solu-
tion of the Eigen paradox). Perhaps advancing this field will lead to a convergent
definition of life: we will find out that a certain set of characteristics inevitably
leads to the behaviours of living systems, and also that those behaviours can only
be achieved from those characteristics. If this is the case, defining life from both
perspectives would be equivalent. Or perhaps we will discover the opposite: that
the behaviours of life can arise from different topologies in reaction networks, or
that we can have systems with the same characteristics of life and make them be-
have in new ways. Finding out which one of these options is true would answer
some of the big questions of the field of de-novo life: Does life have something that
fundamentally sets it apart from other chemical systems? And if it does, what is
it? Its chemical composition, its characteristics, its behaviour?

This thesis, and the broader research to which it belongs, only addresses part
of those questions: whether we can achieve behaviours of life with a different
chemical composition. Continuing to explore complex systems theoretically and,
as we develop more chemical tools, experimentally, will provide interesting in-
sights into the rest of these fundamental questions.
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