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From self-replication to replicator
systems en route to de novo life

Paul Adamski®’, Marcel Eleveld

Life, as we know it, is bewilderingly complex. It is
not clear how life originated or how its complexity
came about. Moreover, it is unclear whether it is pos-
sible to synthesize life de novo from simple chemical
components. These questions are among the grand
challenges of contemporary science and at the heart
of systems chemistry'~*. Although topical, we will not
aim to answer the question of the origin of life, nor
will we address issues related to prebiotic plausibility.
Instead, we will specifically cover research that targets
the de novo synthesis of life. In addressing this challenge,
we are partially guided by extant biochemistry but are
certainly neither constrained by it nor will we necessarily
converge on it. We identify the concepts and challenges
in life’s de novo synthesis and argue that many of these
also extend to the origin of life.

Although life is remarkably difficult to define®”,
every living system exhibits metabolism, is able to repro-
duce and is separated from its environment (FIC. 1a).
Metabolism involves the harvesting of energy, which is
required because living systems are dissipative — they
require energy input for their maintenance. Along with
energy conversions, metabolism also involves conver-
sions of matter to afford building blocks, which enable
self-maintenance and reproduction. During reproduc-
tion, the system makes copies of itself with sufficient accu-
racy that the integrity of the species is maintained across
generations. Nevertheless, reproduction is sufficiently

!, Ankush Sood
Andras Szilagyi®?234, Tamas Czaran?*, Eérs Szathmdry

1, Adam Kun®?34,
2358 and Sijbren Otto® '™

Abstract | The process by which chemistry can give rise to biology remains one of the biggest
mysteries in contemporary science. The de novo synthesis and origin of life both require the
functional integration of three key characteristics — replication, metabolism and compartmen-
talization — into a system that is maintained out of equilibrium and is capable of open-ended
Darwinian evolution. This Review takes systems of self-replicating molecules as starting points
and describes the steps necessary to integrate additional characteristics of life. We analyse

how far experimental self-replicators have come in terms of Darwinian evolution. We also cover
models of replicator communities that attempt to solve Eigen’s paradox, whereby accurate
replication needs complex machinery yet obtaining such complex self-replicators through
evolution requires accurate replication. Successful models rely on a collective metabolism and
away of (transient) compartmentalization, suggesting that the invention and integration of these
two characteristics is driven by evolution. Despite our growing knowledge, there remain numerous
key challenges that may be addressed by a combined theoretical and experimental approach.

error-prone so as to allow for Darwinian evolution through
mutation and selection. Finally, compartmentalization
keeps the components of a living system together and
separate from the environment.

On a coarse level, synthesizing life requires the func-
tional integration of replication®", compartmentaliza-
tion'""" and metabolism®~** into a system that remains
out of thermodynamic equilibrium (FIC. 12). Preferably,
a population of such synthetic systems may also have
the capacity to undergo Darwinian evolution in an
open-ended sense, because evolvability is the ultimate
hallmark of the living world. Living systems are out
of equilibrium in that they experience effectively irre-
versible processes of reproduction and degradation.
This repeated process of formation and destruction
is driven by continual material and/or energy input,
giving rise to a non-equilibrium steady state, referred
to as dynamic kinetic stability>*~°. As we detail below,
present efforts towards the development of de novo life
focus on integrating replicative, compartmentalized and
metabolic subsystems (initially targeting different binary
combinations), and developing out-of-equilibrium
systems, ultimately to enable Darwinian evolution.

We will begin our discussion by considering self-
replicating molecules, a topic that is one of many that
could be taken as a starting point for life (FIC. 12). As the
problem of the synthesis of life is underdetermined,
it is not yet clear what the most appropriate approach is.
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Fig. 1| Fundamental features of life and mechanisms of self-replication. a| De novo
life involves the functionalintegration of replication, metabolism and compartmentaliza-
tion. The conditions must enable open-ended Darwinian evolution and the system must
remain out of equilibrium, in a state of dynamic kinetic stability. b | The first mechanism

of self-replication involves duplex formation, whereby replicator 1 binds building

blocks 2 and 3 and templates their conversion into a single copy of 1. Although only two
recognition sites are shown here, the same mechanism that affords dimers can in principle
yield oligomers. ¢ | The second mechanism of self-replication features supramolecular
polymerization. The replicator-catalysed ligation of building blocks gives rise to a stack of
replicator copies, which can exhibit exponential replication on entering a stack growth—
breakage regime. The example here is a cyclic oligomer but the same mechanism may also

yield linear oligomers®*.

Systems chemistry

The study of properties that
emerge from mixtures of
interacting molecules. One
of the key foci is the analysis
and synthesis of diverse
autocatalytic systems and
their possible couplings.

Metabolism

Chemical processes that form
the constituents of a living
system from (often simple)
raw materials (the food set)
and connect the internal
maintenance of the system to
an external energy source.

Darwinian evolution
Evolution by natural selection
that requires units that
multiply and have heredity and
variability. There should be
hereditary traits that affect the
chance of reproduction and/or
survival of the units.

In the context of this Review, we define self-replication
as the ability of a system to autonomously catalyse its
copying, such that information in the system com-
ponents is transferred to the next generation. This
autocatalysis typically takes the form of replication tem-
plated by specific non-covalent interactions between
information-containing molecules. Our treatment will
focus on self-replicating systems comprising completely
synthetic molecules as well as bio-inspired systems fea-
turing peptides and nucleic acids. Darwinian evolution
of self-replicators requires that there be different kinds of
replicators that keep their identities during the process.
This property, referred to in biology as heredity, is not
exact, such that there is variability in the population.
Entities that multiply, exhibit heredity and show vari-
ability are regarded as units of evolution, a population
of which can undergo evolution by natural selection if
hereditary traits influence the survival and/or multipli-
cation of the units®. For systems to exhibit stable evolva-
bility, there are specific quantifiable conditions that need
to be met, including a minimum accuracy of replication.

Molecules that self-replicate do so by one of two
distinct mechanisms. The first of these has the mini-
mal requirement that self-replicator 1 reversibly binds
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its building blocks 2 and 3, thereby bringing the reac-
tive ends of these compounds together, such that they
condense to give 1 as part of the replicator duplex 1-1
(FIC. 1b). On dissociation of 1-1, two replicator mole-
cules become available for the next cycle of replication.
This mechanism is related to but simpler than the way
DNA is replicated, which occurs through cross-catalysis
(not shown). In the simplest form of cross-catalysis, 1
induces the formation of a complementary molecule
1’ by binding the precursors 2" and 3’, while, in turn,
1’ templates the formation of 1 from 2 and 3. Where
the mechanism shown in FIC. 1b has a tendency to
halt at the stage of the duplex, another template-based
replication mechanism allows additional rounds of rep-
lication without requiring replicators to dissociate from
one another (FIC. 1¢). This mechanism affords assem-
blies of multiple replicators, and when these assemblies
are large enough they become susceptible to mechani-
cally induced breakage. This growth-breakage mecha-
nism enables exponential replication, a property that has
important implications for Darwinian evolution.

Although autocatalysis is essential for self-replication,
not all autocatalytic systems are self-replicating. For
example, autopoiesis involves assemblies of molecules
(typically micelles or vesicles) that reproduce autocata-
lytically'®**=* but are not self-replicating because the
interactions between the molecules in the assemblies
lack the specificity required for molecular-level infor-
mation transfer. Likewise, some autocatalytic networks,
including the formose reaction™, are not self-replicating
because they lack the ability to transfer information in
the molecules, which is required to exhibit heredity'.
The reader should note that the terminology used in this
field can vary, and scientists may speak of replication
in the broad sense and informational replication in a
narrower sense”’. The latter case is then referred to as
hereditary replication™.

Having defined the scope of this Review, let us now
briefly explain its structure. The first section describes
the features that self-replicating systems need to begin
to resemble life and the challenges associated with
incorporating these features. The path from individ-
ual self-replicators to de novo life most likely involves
communities of different and interacting replicators, so
the second section summarizes the insights obtained
from modelling (theoretical) replicator communi-
ties. The stage is then set to survey experimental pro-
gress, and we, in particular, discuss advances towards
Darwinian evolution, replicator community dynamics
and the integration of replication with metabolism and
compartmentalization.

Steps in the path from self-replication to life

The ability to self-replicate is a necessary but insufficient
condition for life, which requires additional characteris-
tics to be assimilated*. The most obvious characteristic
is the ability to undergo Darwinian evolution, wherein
replication proceeds with mutation and the resulting
mutants undergo competitive selection. Incorporating
Darwinian evolution into systems of self-replicators
requires different building blocks to be present such
that different (mutated) offspring can form. Moreover,
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Compartmentalization

A system that enables spatial
gradients (whereas chemists
often consider bulk, well-stirred
systems). Passive compartmen-
talization can be provided by
absorptive surface and rock
pores. Active compartmentali-
zation rests on boundaries
(such as membranes created
through autopoiesis).

we need to introduce a mechanism of selection. In biol-
ogy, selection occurs under conditions in which total
resources are finite, such that population growth is even-
tually balanced by death. Both replication (growth) and
death (decay) can depend on external (environmental)
conditions, thus enabling the fittest molecular species —
that with the highest replication rate and/or lowest death
rate — to displace all others. In a purely competitive sit-
uation, this follows exponential exclusion kinetics and
truly is ‘survival of the fittest. Systems of self-replicating
molecules reported thus far have mostly failed to incor-
porate mechanisms of death. Death can be introduced
by physically removing replicators or by degrading them

Box 1| Replicator growth and selection consequences

Replicator populations with access to constant resources exhibit a rate of offspring
production at a given time t that is proportional to the concentration of replicators [A]

(Eq. 1).

d[A]
A
™ r(A]

(1)

Here, r denotes the Malthusian parameter for the population, which is the intrinsic
growth rate. Solving this differential equation yields the well-known exponential

growth equation (Eq. 2).

[A] = [Al,e"

(2)

This potentially steep curve is the fundamental engine of evolutionary selection.
The quotient [A,1/[A,] of two exponentially growing populations with Malthusian

parameters r, and r,, respectively, also increases or declines exponentially. In this way,
the inferior species becomes diluted and competitively excluded over a very short time,
even without growth limitation and even if the difference between the growth rates is

small. Growth behaviour is dramatically different if replication is template-directed
and the newly formed copy reversibly inhibits the template (FIC. 1b). The copy
remains associated with its template for a while in an inert complex that maintains
an equilibrium with its dissociated and potentially replicating components (Eq. 3).

k2

k
A+R,+R,>A-AT 2A

k-2

3)

Here, R, and R, denote the resources for replicating species A, whereas k,, k, and k_,
are the rate constants of replication, association and dissociation, respectively. If

k, <k, «k

2

as would be physico-chemically plausible assuming that dissociation is

the slowest process, the system becomes self-regulated, such that the higher
the concentration [A], the stronger its inactivation by dimerization (Eq. 4).

dIAl _ e
dt el

4

where r=k, (k,/k_,)"* (REF."**) and p denotes the kinetic order. When p=1 there is
exponential growth, and 0 <p <1 corresponds to the parabolic regime. In almost all

experimentally investigated systems, p=1/2, such that growth is quadratic in time

(Eqg. 5).

[A] = (ALY % + rt/2)*

130

(5)

Dilute conditions favour dissociation of inert dimers into active monomeric
replicators*, enabling the system to maintain an arbitrarily diverse set of replicators
with different Malthusian parameters, thus preventing Darwinian selection. Lastly, if
p=2 then we predict hyperbolic growth (Eq. 6).

[Al=(Al, " - rt!

(6)

In contrast to the previous cases, hyperbolic growth is so fast that the population size
diverges in afinite time, t_=(r{A],)™. If multiple species are initially present, the one with
the smallest t_ will eventually predominate because not only fitness r; but also the initial
abundance [A], of each species i determine which species wins.

chemically. The most popular way to incorporate death
is through serial transfer'-*, in which a small fraction
of a replicator-containing sample is transferred to a fresh
solution of building blocks several times. In the limit
of many such transfers, the system starts to resemble a
continuously stirred tank reactor in which a solution of
building blocks flows in and the resulting replicators
flow out at another location at the same flow rate®.

Unlike in a closed system, the populations of replica-
tors in a replication—destruction system are not neces-
sarily governed by the thermodynamic stability of the
individual replicators, so the predominant replicator
need not be the most thermodynamically stable. This
departure from thermodynamically controlled replica-
tor distribution is possible owing to the coupling of the
system to the energy source (in the form of appropriate
reagents) that drives the replication—destruction process,
making it an open system. Thus, a replication-destruction
regime can have an out-of-equilibrium character,
which has been described in terms of dynamic kinetic
stability”~** determined by a balance between rates of
replication and destruction of individual replicators.
The resulting replicator populations, when they have
the capacity to mutate, can transition between differ-
ent (steady) states and lead to quasi-species, defined
by Eigen as the winning subset of replicators in
mutation-selection balance**.

An important aspect of Darwinian evolution and
ecology is the competitive exclusion principle, which states
that a given niche can only be stably occupied by one
species. If two species compete for the same resource,
only the fittest survives. The same principle can also hold
mathematically for replicators that compete for com-
mon building blocks but only when the kinetic order
of the replicator in the replication reaction equals (or
exceeds) its kinetic order in the destruction process***.
Thus, because the destruction process is normally first
order in the replicator being destroyed, the replication
reaction also needs to be (at least) first order in the rep-
licator; this implies a need for exponential replication.
However, the vast majority of self-replicators 1 that
operate by the complexation-dissociation mechanism
(FIC. 1b) have a rate of replication that is only of order 0.5
in [1] (the square-root law of autocatalysis*’), which is
a consequence of self-inhibition in view of the duplex
1-1 needing to dissociate before its components can
replicate. Replicators obeying the square-root law of
autocatalysis exhibit parabolic growth dynamics. Such
replicators, when competing for a common resource,
continue to coexist indefinitely, limiting their potential
for Darwinian evolution**** (BOX 1).

Another highly counterintuitive, yet potentially com-
mon, mechanism leading to parabolic growth dynamics
and replicator coexistence’” is competition in an open
chaotic flow (OCF)*"** regime. The OCF model has
found prebiotic relevance through the phenomenon of
thermophoresis, whereby molecules (such as nucleotides
and DNA) can accumulate in a fluid owing to a temper-
ature gradient that may be present in a thermal vent™.
However, thermophoresis in general does not necessarily
involve chaotic flows. The fractal nature of the differ-
ently populated fluid domains renders replicator growth

388 | AUGUST 2020 | VOLUME 4

www.nature.com/natrevchem



Out of equilibrium
Any state that is not at
equilibrium.

Dynamic kinetic stability

A persistent state of an open
chemical system resulting from
a cyclic process of formation
(replicative or otherwise)

and destruction, occurring
effectively irreversibly (that is,
formation and destruction
reactions are kinetically
directed and not each other’s
microscopic reverse), driven
by continual material and/or
energy input.

Self-replication

The ability of a system to
autonomously catalyse

the formation of copies of
itself, such that information
contained in the molecules
that constitute the system
is transferred to the next
generation.

Exponential replication

An autocatalytic process with
constant per-capita growth.
Exponential replication leads
to infinite concentration in
infinite time. In competition, it
entails survival of the fittest.

Autopoiesis

A complex process in which a
system is able to produce more
of itself and its constituent
molecules.

Quasi-species

The weighted distribution of
mutants centred around one or
several master sequences in a
mutation—selection balance.
The quasi-species is the target
of selection in a system of
replicating individuals who
replicate without cooperating
with one another.

Competitive exclusion
principle

The principle that, in a
replication—destruction regime
harbouring self-replicators
capable of exponential growth
that compete for the same
precursors (from which they
replicate), one replicator will
drive all others to extinction.

Eigen’s paradox

The paradox that accurate
replication needs complex
machinery, yet obtaining such
complex self-replicators
through evolution requires
sufficiently accurate
replication.

kinetics, in effect, parabolic in OCE, again ensuring the
survival of all species. This absence of selection affords
no evolutionary change, so replication in OCFs, simi-
lar to any other process yielding parabolic population
growth, can be responsible only for temporary replicator
diversification that has, sooner or later, to be followed
by selection through a different mechanism. Only a
few experimental examples of self-replicators capable
of exponential growth exist, and they mostly do so by
supramolecular polymerization®* (FIG. 1¢).

To date, the fidelities (replication accuracies) of syn-
thetic self-replicating systems rely solely on molecular
recognition and lack the sophisticated error-correction
machinery that promotes fidelity in DNA replication.
Thus, error-prone replication appears unavoidable and
must be accommodated in any scenario that involves
self-replicators becoming more complex, which requires
a greater amount of information to be copied during
replication. Increasing the amount of information in
self-replicators leads to Eigen’s paradox — self-replicators
must contain a lot of information to replicate accurately,
yet obtaining self-replicators containing a lot of infor-
mation already requires accurate replication. Several
solutions to this chicken-and-egg problem have been
proposed, all of which involve communities of repli-
cators that each store limited information but are able
to cooperate such that, collectively, they contain and
can replicate a large amount of information with suf-
ficient accuracy. This notion provides a strong impetus
to develop communities of replicators and study their
collective dynamics.

Darwinian evolution is one of the most powerful
engines of invention. Yet it is still largely unclear how
this creative potential can be exploited in synthetic
self-replicators. Making systems evolve by replication,
mutation and selection is possible, but the discovery
of new functions from these systems remains rare. The
autonomous, continuous, never-ending invention of new
functions is central to the idea of open-ended evolution®®*7,
which represents another key feature of life. Among
the most desirable functions that could be invented by
self-replicating systems is the ability to catalyse other reac-
tions. Specifically, when replicators acquire the ability to
catalyse reactions that benefit their replication efficiency
(for example, by converting materials in their environ-
ment into resources from which they replicate), they start
to acquire metabolism. Another evolutionarily desirable
invention would be genotype-phenotype separation.
Such separation boosts the potential for further inven-
tions because it allows genotype evolution to become less
constrained by being partially decoupled from phenotype
fitness. Whereas the genotype and phenotype in extant
biochemistry are linked through the genetic code, there
are perhaps other, simpler, mechanisms that allow for this
division of labour.

Besides open-ended evolution and out-of-equilibrium
conditions, the synthesis of life requires two additional
features: metabolism and compartmentalization. All
these features need to be incorporated into a chemical
supersystem to create a minimal form oflife>*. The most
obvious approach to minimal life is to proceed step-
wise and first target the functional integration of two
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features, resulting in infrabiological systems™, which
are not living but exhibit exciting life-like properties™.
To acquire metabolism, self-replicators need to catalyse
not only their own formation but also the formation of
the building blocks from which they replicate (the first
experimental examples of such behaviour have recently
been reported and are described below*"). The second
aspect of metabolism — sustaining a non-equilibrium
state — may initially be satisfied by the replication-
destruction regime imposed on the system by its envi-
ronment. At a later stage, it would be desirable for
systems of replicators to tap into energy sources to drive
endergonic reactions associated with system mainte-
nance. Also, the functional coupling of replication with
compartmentalization needs to be achieved. Although
it is relatively straightforward to house self-replicating
systems in vesicular compartments, coupling the repli-
cation process with compartment growth and division
is an unsolved problem that would benefit from more
investigation®.

Theory of replicator community dynamics

The important insights obtained from theoretical studies
can guide experimental work on replicator community
dynamics, a field that is presently still in its infancy.
When replicators, such as biological organisms, are
members of populations, they can constitute ecologi-
cal communities. The interaction between populations
can be positive or negative. Thus, if the presence of A
decreases the density of population B, then A has a neg-
ative effect on B. If A increases the density of B, then
this effect on B is positive. Interactions are not necessar-
ily symmetrical. Elementary combinatorics covers the
cases of competition (—,—), predation/parasitism (+,—)
and mutualism (+,+). All of these dynamics have been
observed in experimental systems of replicators.

The presence of two or more different replicators in
a community does not violate the competitive exclusion
principle if the different replicators each occupy different
food niches by requiring different resources/precursors
for their growth. The apparent contradiction between
the ecological principle of competitive exclusion and the
evolutionary requirement of sustaining a sufficiently
diverse set of replicators in spite of their common food
source has been the main concern with origin-of-life
models. Almost all theoretical attempts to resolve the
paradox invoke mutualistic (cooperative) interactions
between replicator species, showing that the dynamic
effect of cooperation can overrule the destructive
power of both competition and parasitism to maintain
replicator coexistence.

A historically important model of replicator commu-
nity dynamics is the hypercycle, proposed by Eigen as a
solution to the paradox that bears his name*. In hyper-
cyclic coupling, molecular species A and B help the rep-
lication (rather than the formation) of each other (BOX 2).
This resembles a mutualistic link in biology, exemplified
by plant-pollinator systems. The name indicates that
the replication cycle of each species is further catalysed
by the other species, and this further aid also forms a
topological cycle. Each member is an autocatalyst and
a heterocatalyst at the same time, so replication kinetics
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Box 2 | Hypercyclic and metabolic replicators

According to Eigen and Schuster™ there is a strict upper limit on the amount of
information sustainable in a simple mutation-selection dynamics context: L <lno/p.
Here L is the maximum sustainable length of a master sequence with per-base mutation
rate y and selection advantage o over its mutants. Prebiotic replication without
enzymatic catalysis must have been inaccurate (¢ =0.01), such that L was limited to
~100, which is too short to code for even a primordial genome with a small number

of different functions. Eigen and Schuster suggested to resolve this error threshold"?’
problem by assuming that each replicator should specifically catalyse the replication

of another replicator and receive similar catalytic aid from yet another, in a cyclic
topology. The dynamics of an n-membered hypercycle are formalized (Eq. 7).

d[A]
dt

= [Ai](ki[AFl] - (D)

(7

where [A] is the concentration and k; the replication rate constant of species i (1<i<n),
and @ is the non-selective efflux of replicators that keeps the total replicator
concentration constant ([A] = [A],, where [A] is the total concentration of all replicators).
Small hypercycles (n<4) converge to fixed points'*® but larger systems oscillate**~*".
The hypercycle is vulnerable in an evolutionary sense®*** because selfish mutants

that accept but do not give catalytic aid may proliferate and destroy the community.
Shortcut parasites help a distant member of the hypercycle instead of their dedicated
target, thus reducing the length of the hypercycle and decreasing its information

Content64,/5,143f145

Another distinct model is the metabolic replicator, whose dynamics in a spatially
homogeneous, well-mixed setting can also be formalized (Eq. 8).

diAl [AJirM - @)
dt

(8)

Here, M represents the flux of a common metabolic process determined by values
of [A], with @ denoting the excess production. In a well-mixed system, the fastest
replicator will exclude all others, such that metabolism is defunct. Thus, because the
metabolic help supplied by the community is the same for all replicators in the system,
there is no coexistence because of competitive exclusion. With spatial inhomogeneity
that might arise from transient compartmentalization or surface-bound dynamics,
useful replicator species coexist and have sufficient resistance against parasites. This
evolutionary stability comes from the self-thinning property of parasites. Indeed, a
parasite cannot participate in the metabolism, so the lack of metabolic completeness
kills all replicators in a small area around the parasite whereas metabolically complete

local groups survive®'¢7:68146,

Open-ended evolution

A process whereby Darwinian
replicator evolution proceeds
indefinitely in a non-trivial
manner. It may come in three
forms: weak, strong and
ultimate. In the weak form,
novel phenotypes (not seen
before, perhaps a new form
of beak on a bird) arise
indefinitely. The strong

form requires evolutionary
innovations, such as a novel
catalytic or motor activity.
The ultimate form allows for a
major transition to occur, with
the emergence of higher units
of evolution from lower ones,
such as reproducing protocells
from replicating molecules.

is overall second order — as the replication rate depends
on the product of the concentrations of the template
and its helper species. It has been shown that this sys-
tem is ecologically stable, despite the fact that the rate
constants can be arbitrarily different”’. It took a while to
realize that the system is, unfortunately, evolutionarily
unstable® because a parasite A”that does not help B but
grows (accepting the help by B) faster than A would kill
the entire system in a continuously stirred tank reactor.

The parasite problem of the hypercycle model has
been addressed through different spatially explicit
models of ecological communities. One solution to the
problem would be to grow hypercycles on a surface, such
as on a mineral, for example®’. However, this model is
insufficiently robust to perturbations, including the
patchy distribution of rates of replicator desorption from
the surface.

Metabolically coupled replicator community models

We now consider three general mechanisms that can
give rise to dynamic coexistence in replicator commu-
nities even in the presence of parasites. These models
assume an explicit metabolic (mutualistic) coupling

between the replicators and, essentially, implement
the RNA world scenario in different spatially resolved
ways, by means of either transient compartmentalization
(FIG. 2a), spreading on a surface combined with metabolic
coupling (FIG. 2b) or reproducing compartments known
as protocells (FIG. 2¢).

Transient compartmentalization model. In the transient
compartmentalization model, a community of replica-
tors is subject to local replication-global dispersion
cycles™ > (FIC. 2a). For example, replication occurs in
local groups that inhabit mineral patches or pores, and
then the groups are washed away, get mixed and, subse-
quently, become re-localized for replication, where local
groups are assumed to form as random samples of the
global pool. Evolutionary survival requires the ‘helper’
molecule to feel its own presence, even in the presence
of parasites®. Thus, a single replicase molecule does not
qualify: it cannot replicate itself because it needs a copy
of itself as a template. By contrast, a molecule (such as
a ribozyme) that catalyses a metabolic reaction to give
monomers useful for its own replication does qualify.
Indeed, even a single molecule can ‘scratch its own back’
in this way, as has recently been observed experimentally
(see below). Importantly, parasite-only groups are infer-
tile. The bottom line is that although altruistic replica-
tors suffer from a relative replicative disadvantage within
local groups, groups with more altruists ultimately con-
tribute more to the global pool. Parasites are typically
not completely displaced, but they are kept at bay, as has
been observed in chemical experiments (see below).
Replicators contributing to a common good can also be
maintained by this mechanism®.

Metabolic cooperation on mineral surfaces. Surface
confinement alone cannot fully rescue hypercycles
from parasitic invasion. Spatial confinement, together
with metabolic coupling, has proven more successful.
This is evident from simulations of a metabolically
(rather than hypercyclically) coupled replicator system
(MCRS)¥=% (FIC. 2b). This model involves different repli-
cators aiding the community without hypercyclic coup-
ling, with each replicator being assumed to contribute
to a common metabolism in a multiplicative synergistic
manner. Replicators can only grow if there is a full set
of complementary partners in a local region referred to
as a metabolic neighbourhood. A locally balanced com-
position entails more efficient metabolism. Of course,
spatial confinement is not at play in a well-mixed flow
model, in which this system collapses (BOX 2). This is not
the case if we model it as a reaction-diffusion system in
2D, as is implemented in cellular automata®. The reac-
tion is the replication of molecules as a function of meta-
bolic neighbourhood and the replication rate of the focal
molecule. Diffusion only happens in the two dimensions
of the surface and the system is inherently stochastic.
Modelling shows that this environment allows for the
stable coexistence of replicators, owing to the dual effects
of a cost of commonness and an advantage of rarity.
These dynamics emerge because a fast replicator faces
the risk of a lack of metabolic complementation in a local
neighbourhood (if it overgrows, it will be locally dead),
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Predation

The process in which one
replicator consumes another
(the prey) for its own
replication. The predator
population benefits, and the
prey population suffers.

Mutualism

An ecological coupling between
two populations from which
both benefit. Analogous to a
two-membered hypercycle.

Hypercycle

Areplicator set in which the
autocatalytic replication of
each member is heterocatalyti-
cally aided by another member
conforming to cyclic topology.

Error threshold

The critical value of the
mutation rate, above which
errors accumulate and soon
lead to the complete loss of
information (error catastrophe)
upon multiple rounds of
replication. Stable selection
requires that the error rate

lies below the error threshold.
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Fig. 2 | Evolutionarily robust models of replicator communities. a | In the transient compartmentalization model,
selection acts on small temporary random samples of the metabolic replicator pool to sustain replicator diversity. b| The
metabolically coupled replicator system model involves local group selection, which provides negative feedback on the
densities of metabolic replicators to allow them to coexist. ¢ | The reproducing compartment model features autopoietic
compartment-level reproduction, such that selection maintains lineages of protocells harbouring constitutively mutualistic
replicator sets. Each model resists destruction from parasitic replicators (orange symbols) produced by mutation. Blue and
magenta symbols represent functional metabolic replicator species.

whereas a slow replicator is more likely to be locally
complemented by the molecules with complementary
functions. The rate of diffusion in an MCRS does not
matter because the system converges to the transiently
compartmentalized system.

The rate of diffusion matters a lot, however, if one
is to maintain a hypercycle-like system. The minimal-
ist and most realistic version of the hypercycle is a
self-replicase that can copy another instance of itself.
By virtue of replication, in this case, being error-prone,
we face the Eigen problem in a more pronounced form
— both the template and the replicase activity of the
molecule can be adversely affected by mutations. But
growth and spreading on a surface come to the rescue,
because even if there is a three-way trade-off between
template efficiency, replicase speed and accuracy (as a
worst case), efficient replicases emerge, along with an
enzymatically deficient mutant parasite cloud”. There is

one constraint, in that the rate of diffusion must remain
limited, as otherwise the system collapses owing to para-
site load. This is a case of ‘strong altruism, in which one
replicase molecule cannot feel its own presence. Limited
diffusion leads to what in evolution is called kin selec-
tion, whereby good molecules are likely to meet their
own descendants, which are also likely to be good. In
other words, random assortment into groups does not
work for strong altruism, such that when diffusion is fast
this model does not converge to a favourable transient
compartmentalization model. Experimental manifesta-
tions of surface-confined replication are rare’' and so far
lack the metabolic component.

Reproducing compartments. Arguably, the most efficient
model of compartmentalization favouring community
coexistence is one that reproduces (autopoietic) proto-
cells (FIG. 2¢). In this model, replicators continuously
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Parasites

Replicators that take help from
another without paying back.
The helper pays a cost in terms
of fitness by maintaining its
helping capacity. Saving this
cost, the parasite has a
replicative advantage.

sit in the same boat), the rocking of which is not to the
advantage of any species. This gives rise to what in evo-
lution is called group selection. This was incorporated
in the late 1980s into what is known as the stochastic
corrector model (SCM)’>”*, which operates under the
same assumptions as the (more recently developed)
MCRS model except that the SCM describes a popu-
lation of reproducing protocells. This is ‘multilevel

Box 3 | Cooperation in molecular networks

The concepts of replication lie at the intersection of chemistry and biology, and the
diversity of researchers in these fields have to tackle diverse and often misleading
terminology. A notorious example is the confusion of collectively autocatalytic networks

121

with hypercycles

. These two systems are indeed different, as becomes apparent on

considering the stoichiometry of the following examples, which each comprise two
replicator species. A collectively autocatalytic set is presented (Egs. 9 and 10).

R, +A;>A +A,

Ri+A,>A +A;

(9

(10)

Here, A, are informational molecules and R, are the corresponding resources. Both A,
and A, mutually catalyse each other’s formation rather than replication, such that
the whole set grows autocatalytically. By contrast, a two-membered hypercycle is

described (Egs. 11 and 12).
Ri+A;+A;>2A, +A,

Ry+A,+A;>2A, + A

(11)

(12)

Here, each replicator catalyses the replication cycle of the other. Keeping the

concentrations of R; constant, the collective autocatalysis results in first-order growth,
whereas hypercyclic organization results in second-order growth kinetics. The dynamic
consequences are qualitatively different. In the biological literature, the theory of
cooperation, partly resting on evolutionary game theory, is built on quadratic interaction
dynamics, of which the hypercycle is but one example'*. In this sense, a ‘selfish’ replicator
would just catalyse its own replication (Eq. 13).

R, +2A,>3A, (13)
An example of this system would be a replicase that helps only its own replication

cycle. Another ambiguity in the field is related to the analysis of collective autocatalysis.
A more general version of the first system can be presented (Egs. 14, 15 and 16).

R, +A >A +A, (14)
Ri+A;>A, +A; (15)
Ry+A,> 2A, (16)

In this case, A, denotes a direct autocatalyst that grows individually, whereas the
other members can grow only collectively by means of collective autocatalysis. Here,
we suggest the terms ‘individualist’ for A; and ‘collectivist’ for A and A,. If they were
instead referred to as ‘selfish’ and ‘cooperative’"**%, this would mistakenly suggest that
the essentially quadratic replicator equation and the theory of biological cooperation
are applicable to these linearly growing systems, which is not the case. For example,

a key concept in game theory is the Nash equilibrium**’, in which the whole system is

in dynamic equilibrium so that no member gains by deviating from its present strategy in
the context of the others’ strategy being fixed. This equilibrium (in our case, as stationary
replicator concentrations in a flow reactor) can be calculated and, unsurprisingly, does not
coincide with the equilibria for the collectively autocatalytic system. Non-autocatalytic
members of the same collectively autocatalytic system are not ‘agents’ because only the
system as a whole is. We recommend against describing collectively autocatalytic systems
in terms of ‘chemical game theory’*%, which sounds rather confusing.

selection of the second type’, in which not only the
template replicators but also the compartments repro-
duce, with the fission rate of the latter depending on the
template composition and synergy among the templates.
Realizing such a complex system experimentally remains
an unmet challenge.

Replication is a stochastic process because it proceeds
in terms of integer numbers of molecules rather than
concentrations. Thus, during reproduction of compart-
ments, the replicators assort themselves independently
between the two daughter protocells. Higher-level
natural selection acts on this stochastically generated
variation between cells. This selection counteracts the
malign intracellular competition among replicators by
means of what biologists refer to as intragenomic con-
flict. If mutation rates are high, as is referred to in the
Eigen paradox, metabolic coupling among replicators is
better than a combination of metabolic and hypercyclic
coupling. In the latter case, the mutation load is doubled
and each replicator must have dual enzymatic function-
alities: one for metabolic action and another for replicase
function™"".

Catalysis features prominently in the majority of
models of evolutionarily stable replicator communities.
In these models, replicators are assumed to have direct
catalytic capacity and can thus act without a genetic code
for translation. The archetypical example is the ribo-
zyme, but this is by no means unique in that any chem-
ical realization of the same principle leads to the same
dynamics and questions. Investigations in the context of
the SCM on evolutionary dynamics of systems relying on
collective catalysis for their metabolism show that there
is a tendency for different types of catalytic activity to
become linked. The reason for this is straightforward:
unlinked replicators (not coupled to one another) exert
an assortment load on protocells. In particular, there
is a lowering of fitness due to chance loss of one repli-
cator type because of internal competition and chance
assortment upon fission. The assortment load can be
reduced if catalytic activities are linked, as might occur
through catalyst promiscuity, which is when the same
catalyst enhances the rate of more than one reaction’,
as has recently been realized experimentally in a system
of replicators (see below). Another way to reduce load
would be to link replicators into ‘chromosomes, which
must somehow be handled during division. A handling
mechanism might involve an accurate segregation mech-
anism (as exists in bacteria) or must rely on there being
several copies of chromosomes, as would be the case for
the original SCM mechanism for unlinked replicators”.
The latter, more primitive scenario of chromosome
formation works as part of an extended SCM model”
in which replicators are allowed to join and break sto-
chastically. As replicators are also catalysts, there is a
‘dosage effect’ — replicator numbers in the protocells do
matter for metabolic efficiency. The emerging pattern
is a family of chromosomes with a balanced replicator
composition, where each replicator is typically present
in multiple copies (a kind of ‘multigene family’) on each
chromosome. This balanced representation is a direct
consequence of the SCM favouring a balanced replicator
composition.
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Ribozyme
An RNA molecule that can act
as a catalyst.

Collectively autocatalytic set
A reaction network in which no
member is itself autocatalytic
but the members catalyse the
production or formation (but
not the replication) of other
members of the set. The set is
collectively autocatalytic if the
formation of every member is
catalysed by at least one other
member of the set.

The final aspect of replicator community dynamics
that we discuss here is sexual reproduction. This can take
the form of genetic recombination between individual
replicators or between sets of replicators. Here, we con-
sider only the latter case, and only in the context of pro-
tocells undergoing fusion—fission cycles (primitive sex).
Simulating an extended SCM reveals that there are con-
flicting forces for and against sex””. Namely, assortment
load is alleviated because lost replicators can be regained
by fusion, but the parasite load increases because such
cheaters can hop from boat to boat. Overall, it is pre-
dicted that moderate sex among protocells is advanta-
geous, especially when ‘sick’ protocells are more likely
to fuse.

A recent population biology model™ affirms the pos-
sibility that the replication efficiency and population
structure (of which an evolving replicator catalysing the
synthesis of a membrane-forming molecule would be a
good example) can evolve. Unfortunately, this particular
model includes some unrealistic chemical assumptions
(for example, that the products of successful replication
resulting from cooperative molecular associations can
preferentially reassociate in bulk solution without mem-
branes or surfaces to limit free diffusion), which prompt
us to warn that real progress can only be expected if
chemistry and evolution are both taken seriously at the
same time.

Collectively autocatalytic sets

A collectively autocatalytic set is a system of com-
pounds that, although not individually being directly
autocatalytic, confer autocatalysis on the system as a
whole. For example, in a reflexively autocatalytic and
food-generated set (RAF), the formation of every mem-
ber from available (simple) building blocks is catalysed
by some other members of the whole set*>*'. A hyper-
cycle would not satisfy these criteria because its auto-
catalytic member cycles are linked by a cyclic loop of
heterocatalytic aid responsible for second-order auto-
catalysis* (BOX 3). Small-molecule autocatalytic cycles
and networks (such as the formose reaction) also do
not qualify because their component chemical trans-
formations are stoichiometric. The different steps in
such cycles are analogous to different stages of the life
cycle of a reproducing organism®. Predictions® and
experiments®’ show that the metabolic networks of all
existing cells contain at least an obligate autocatalytic
core, on which present-day enzymatic catalysis is super-
imposed. A key open question in origin-of-life research
is whether some such complete cycles (including the
reverse citric acid cycle*) can run without enzymatic
aid. A didactic form of collective autocatalysis is RNA
replication, in which the plus and minus strands cata-
lyse each other’s formation, resulting in autocatalysis
of the pair. If we take mutations into account, we can
make a simple generalization in which building blocks
A, (i=1, 2, ...) may catalyse, to different degrees, the
incorporation of complementary B, blocks in the other
strand, and vice versa. Most nucleic acid® and pep-
tide® versions of collective autocatalysts (known also
as cross-catalytic autocatalysis) are generalizations of
this template mechanism. The network based on the
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Azoarcus intron RNA* also requires templating by base
pairing, as we describe in the section on Replicator
community dynamics.

Early theoretical studies of collective autocatalytic
sets®”* included the case in which direct templating
does not play a major role in an RAF. This generaliza-
tion raises theoretical and empirical questions about
the plausibility of the spontaneous formation of such
RAFs. Despite initial scepticism, there is good news on
the theoretical front in that constraints on the probabil-
ities of catalysis are more relaxed than were previously
thought***’. Moreover, compartmentalized versions of
such RAFs are even expected to show some evolvability
(although on alow level relative to nucleic acid template
replication)”. Naturally, the merit of this and other pro-
posals will be judged by the success or failure of targeted
experiments. Nobody has yet observed the spontaneous
formation of a generalized RAF set from a simple set of
resources in a chemical experiment. Such an observa-
tion would be significant, in that it would support the
‘start complex’ idea of early evolution®. We have so far
described many theoretical models of self-replication
and now look to summarize experimental progress
towards observing some of these phenomena.

Experimental systems of self-replicators
Molecules that can self-replicate autonomously remain
relatively rare and their properties have recently been
reviewed®'*. We consider here a selection of the most
important self-replicators, the variety of which is
encouraging as this shows that the replication mecha-
nisms we have described (FIG. 1b,c) can be implemented
with very different chemistries and with molecular
recognition motifs that need not resemble those com-
monly found in biochemistry. FIGURE 3 shows two
examples of completely synthetic replicators that oper-
ate by the duplex formation mechanism of FIC. 1b, fea-
turing different hydrogen-bonding recognition motifs
and different coupling chemistries, based on amide
bond formation (FIC. 3a) and 1,3-dipolar cycloaddition
(FIC. 3Db). FIGURE 4 shows that self-replication through
the duplex mechanism can also be implemented with
DNA (FIG. 4a), RNA (FIG. 4b,c) and a-helical peptides
(FIG. 4d). Peptide-based molecules can also self-replicate
through assembly into -sheets, giving rise to supra-
molecular polymers as shown in FIG. 5a,b. A similar
mechanism of assembly-driven self-replication can also
occur with fully synthetic molecules that form 2D sheets
through n-stacking interactions (FIC. 5¢). The remainder
of this Review focuses on systems that are relevant to
the hurdles that need to be overcome to proceed from
self-replication to de novo life. We first summarize pro-
gress towards achieving Darwinian evolution, then con-
tinue with work on replicator community dynamics and
finish with efforts directed at integrating self-replication
with metabolism and compartmentalization.

Towards Darwinian evolution in systems of
self-replicators

The prospect of having synthetic self-replicators undergo
Darwinian evolution is becoming increasingly realis-
tic. Numerous challenges associated with this goal have
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<« Fig. 3| Completely synthetic self-replicating molecules. a | A self-replicating system in
which ester 4 and amine 5 react to form self-complementary template 6. Through building-
block pre-organization in the complex [4-5-6], the template enables self-replication’”®.
b| A similar mechanism is at play in a cycloaddition-based system, where azide 7 reacts
with maleimide 8 to form self-complementary template 9 (REF.'*).

already been met, the first of which is the propensity
for self-replicators to self-inhibit and thereby grow only
parabolically. Darwinian evolution is most readily per-
formed with exponential replicators (BOX 1), and even
though most self-replicators are parabolic, several exam-
ples of and/or protocols for exponential replication now
exist. Transitioning from parabolic to exponential repli-
cation is possible if the replication reaction has a transi-
tion state whose geometry is sufficiently different to that
of the product, such that the product duplex (but not the
transition state) is strained and can readily dissociate.
This intuitive strategy has led to close-to-exponential
replication of a-helical peptides”’~* and synthetic repli-
cators based on cycloaddition reactions’. Exponential
growth in a system of RNA replicators has been realized
through an approach resembling directed evolution®.
However, how this system avoids stalling in the repli-
cator duplex state remains unclear. There also exists a
protocol through which replicators that are parabolic
in solution can become exponential when anchored
to a surface”. In such a case, replication is followed
by thermally induced dissociation of the replicator
duplex, whereafter the monomeric replicators bind
vacant sites on the surface, thus causing replicators to
spread exponentially over successive heating-replication
cycles. This study represents a rare example of surface-
confined replicators, which are relevant to the MCRS
model described above. Another promising strategy for
achieving exponential replication involves supramole-
cular polymerization (FIG. 1¢) of replicator stacks that can
be broken mechanically, thereby liberating new growth
sites. This strategy is likely to be generally applicable
because self-assembly is a general phenomenon. Indeed,
although the polymerization was first implemented with
B-sheet-based replicators® ™, it has since been realized
with other building blocks™**.

For replication to be exponential it must be at least
first order in the replicator. If replication is of a higher
order, then it can lead to phenomena such as bistability.
For example, hyperbolic growth (second-order auto-
catalysis) results in survival of the common rather than
the fittest in competition®. Kinetic modelling in the
right parameter window has been used to show that
second-order autocatalysis allows for the onset of bista-
bility and bifurcation'®. Such bistability has been real-
ized in a synthetic system based on a-helical peptides
that replicate by forming three-helix bundles'"'.

After overcoming self-inhibition, the second chal-
lenge with achieving Darwinian evolution involves
incorporating mutation into the replication process.
Despite their importance in biology, mutation and rep-
lication fidelity have received surprisingly little attention
in synthetic systems. Notably, there exists a system of
parabolic a-helix-based replicators featuring mutants
that are infertile but are able to cross-catalyse the for-
mation of the parent replicator through a type of error
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correction'®. A similar error correction mechanism has

been observed in a network of peptide isomers'®, which
differs from the former system because the mutants here
form spontaneously during the reaction. In both sys-
tems, the mutants are more efficient as cross-catalysts
of native peptide sequences than as autocatalysts.

The spontaneous diversification of replicator sets
has been observed for dithiols decorated with peptide
chains'* (FIC. 5b). Starting from a mixture of build-
ing blocks 27b and 27c led to the emergence of a set
of replicators rich in 27b (technically dehydro-27b).
After several days, this first set then promoted, through
cross-catalysis, the formation of a second set, rich in
the remaining building block 27c. This diversification
of replicators, each utilizing different resources (‘food’
sources 27b and 27c¢), bears a crude resemblance to the
formation of bacterial species as observed in biology.

Once exponential replication and mutation have been
incorporated into synthetic self-replicators, the next step
towards Darwinian evolution involves implementing
a replication—destruction regime. Such a regime has, to a
limited extent, been implemented through serial dilution,
whereby a small fraction of replicator solution is trans-
ferred to a fresh solution of resources (food). Transfer of
the replicator to a solution with excess food is repeated
after the replicator consumes most of the original
food'*'%, In this protocol, the replicators that are not
transferred are effectively dead because they no longer
generate offspring. One limitation of this protocol is that
replicator destruction is typically not selective, such
that evolution in such systems primarily selects for repli-
cation speed rather than resistance to destruction. A dis-
concerting consequence of selection for replication speed
is apparent from experiments on the enzyme-mediated
replication of a RNA sequence conducted by Spiegelman
and colleagues'®. Starting from a long RNA oligomer and
conducting several rounds of serial transfer affords an
RNA sequence that is dramatically shortened, a result
of shorter sequences tending to replicate more quickly
than longer ones. This tendency to spontaneously
decrease replicator complexity has become known as the
‘Spiegelman monster’. This monster can be overcome by
conducting a variation of this experiment in a flow sys-
tem with a thermal gradient, such that thermophoresis
leads to the selective retention of long RNA sequences,
preventing their destruction by outflow'*”,

With many challenges having been met, the pros-
pect of evolving systems of replicators by Darwinian
evolution is imminent. Biology gives us innumerable
examples of how Darwinian evolution is a great engine
of invention. Inventions can also manifest themselves
in synthetic systems even before evolution. The selec-
tion of self-replicators at the stage of their emergence
from molecular networks can inadvertently be accom-
panied by the emergence of functions (for example,
catalysis) beyond mere replication. Furthermore, repli-
cating systems comprising multiple fragments have been
described, increasing opportunities for evolution*"'**'%,
but the fidelity of replication in such systems is to some
extent problematic. Here, we would need to solve Eigen’s
paradox, most likely by developing specific replicator
community dynamics.
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Parabolic replication
Replication that is slower than
exponential because the
per-capita growth rate
decreases with increasing
replicator concentration.

Collectivism

The propensity of an
informational molecule to join
a collectively autocatalytic set
rather than replicating itself
directly.

Dynamic combinatorial
library

A set of continuously
interconverting oligomeric
molecules made by linking
building blocks together
through a reversible reaction.

Replicator community dynamics

As experimental self-replicators become more sophis-
ticated one must address the Eigen paradox. Although
there is at present no experimental work on this, the-
oretical models suggest that the answers will almost
invariably rely on communities of coexisting replica-
tors, as we described above. Recently, experimental
work on the dynamics exhibited by replicator commu-
nities has started and, as in ecology, different interac-
tions have been observed''’. We now discuss examples
of collectivism, competition and parasitism/predation.
The terminology used here comes from replicator and
game theory and in some instances will differ from the
terminology used in the original publications (BOX 3).
In this way, we attempt to unify the language such that
experimentalists and theoreticians from these different
fields can understand each other.

Collectivism has been observed in a system of RNA
replicators based on group I self-splicing introns from
the ciliate Azoarcus species. This system can autocata-
lytically assemble from its four*' or even five'® pieces.
This core self-replication reaction can be incorporated
into a large collectively autocatalytic set''’ by com-
binatorially altering certain complementary triplets
(the internal guide sequence of the catalyst and the 3’
end-tag sequence of one of the substrate molecules;
FIG. 4c). Remarkably, the Azoarcus intron system shows
anabolic and catabolic capabilities because it can gener-
ate intermediates that become progressively larger and
it can transform (by recombination) some reactants
that cannot directly be incorporated into the growing
complex into resources that can directly sustain the
autocatalytic system''”. Theoretical analysis of experi-
mental data suggests that the combinatorics of internal
guide sequence-tag triplets and their binding strengths
together tip the interaction topology balance from indi-
vidualism to collectivism'". Notably, a uniformly ran-
dom distribution of binding strengths (and the resulting
rate constants) would markedly lower the degree of col-
lectivism. A series of serial dilution experiments have
been conducted to assess how adding a new node to an
existing three-membered network affects the replication
rate'"*. When purely individualistic and fully collectiv-
ist networks are chemically balanced, such that the set
and quantity of resources remain constant, they grow
at equal rates. Increasing the number of Watson-Crick
pairings by adding a fourth member to the core tends to
increase both the total and core replication rates, except
when the fourth member is merely a receiver that drains
resources from the core. This effect is strongest when
the newly added member is bidirectionally linked to the
core and is also directly autocatalytic. These experimen-
tal findings resonate with the theoretical prediction that
the most successful extensions to autocatalytic cores
should be molecular ‘vitalists™ that are autocatalysts that
also heterocatalytically aid the core itself'".

The competition between replicators for common
building blocks has been investigated in a fully syn-
thetic set of small molecules that replicate through
dimer formation'"® (FIG. 1b). In particular, the reaction
network of two competing replicators was coupled to
adynamic combinatorial library''® containing the resources
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for replication. In batch experiments, where the systems
were allowed to approach equilibrium, the ability of rep-
licators to process the dynamic combinatorial library to
their own advantage is limited. This results in continu-
ous coexistence of both replicators, as can be assessed
by seeding the system with a specific replicator at the
start of the experiments. Instead, a reaction-diffusion
protocol can potentially lead to a more selective outcome
of competition between replicators'"”. Further work has
probed replicator community dynamics by analysing
system-level responses''® using four autocatalytic and
partially cross-catalytic replicators. Here, the output of
the replicator network is determined by the nature of the
instructing template, which we call the replicator seed.
The network topology is such that the input of a single
template resulted in the system-level upregulation of two
interlinked replicators. Being able to deliberately tune
replicator community dynamics is likely to be important
in overcoming the Eigen paradox.

Parasitic and predatory behaviour, which are familiar
in biology, have recently been observed in autonomously
self-replicating molecules. Parasitic replicators were
found to form exclusively through cross-catalysis by a
parent replicator and, under certain conditions, subse-
quently consumed their parent'”. Experimental efforts
have also been directed towards constructing hypercy-
cles of self-replicators*"'*". However, in both cases these
efforts have tripped up because of a misunderstanding
of the hypercycle'”, which relies on catalysis of self-
replication (BOX 2), not of replicator formation as was
reported in the two experimental systems. Experimental
hypercycles of self-replicators have yet to be reported,
which is not discouraging because, in any case, they have
a limited ability to solve Eigen’s paradox.

Integrating self-replication with metabolism

For systems of self-replicators to acquire metabolism
they first need to catalyse reactions. The first example
of a self-replicator that catalyses a reaction other that its
own formation features an imidazolidinone moiety to
enable organocatalytic hydride reduction and Friedel-
Crafts alkylation'* (FIC. 6a). However, performing this
exogenous catalysis does not aid the self-replicator
because it does not afford it any additional resources.
Furthermore, the solvent conditions for catalysis were
incompatible with those for replication.

Several examples of self-replicators have recently
been reported to catalyse reactions under conditions
compatible with replication, including reactions that
directly benefit replication. For example, it is possible
to modify the resources for a replicator so they can only
be used after being liberated by a reaction catalysed by
the replicator itself. This has been demonstrated using
self-replicating RNAs based on the Azoarcus ribo-
zyme'"? (FIG. 6b). In this system, both the liberation and
the self-replication reactions involve phosphodiester
chemistry.

We have recently found that our peptide-appended
dithiol replicators not only catalyse their own replication
but also retro-aldol and carbamate hydrolysis (Fmoc-
deprotection) reactions®' (FIG. 6¢). Catalysis is an emergent
property of the replicators, the resources/precursors for
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<« Fig. 5] Self-replication driven by supramolecular polymerization. a | Peptide

fragments 24 and 25, with alternating hydrophobic and hydrophilic amino acids, react
through native chemical ligation to produce peptide 26. Transient B-sheet nanostructures
(26),, including B-plates and fibrils, catalyse the ligation, generating the new catalytic
end (26),,,. Replication progresses exponentially as more aggregates and catalytic ends
are produced'*’. b | Dithiol building block 27, upon oxidation, produces a mixture

of disulfide macrocycles that interconvert through disulfide exchange. Nucleation of
macrocycle (27), followed by elongation at the fibre ends shifts the composition of the
dynamic mixture towards formation of more (27),. Fragmentation of fibres by mechanical
forces generates more growing fibre ends, enabling exponential replication’****’.

c| Dithiol 28 oxidizes in the presence of the template 29 to form four isomeric tetramer
complexes [28a-d-29]. Complex [28d-29] replicates owing to formation of a 2D sheet
once its concentration surpasses the critical aggregation concentration. Complex
[28d-29] then acts as a seed for replication of uncomplexed 28d™. Part a adapted with
permission from REF."**, American Chemical Society. Part c adapted with permission from
REF.°®, American Chemical Society.

which are virtually inactive for the exogenous reactions.
Importantly, this is a chance invention, with selection
for replication inadvertently orienting residues into cata-
Iytically active geometries. Importantly, Fmoc deprotec-
tion liberates dibenzofulvene (42), which speeds up the
formation of precursors of the replicator by enhanc-
ing the oxidation of the dithiol starting material 27b
into the small macrocycles (27b), and (27b), from which
the replicators grow (FIC. 6d). The same replicators can
also bind and activate different photocatalytic cofactors®
(FIG. 6¢). Thus, photo-irradiation accelerates the oxida-
tion of dithiol building blocks into disulfide replicator
precursors, thereby aiding self-replication. Interestingly,
the same self-replicator is able to catalyse all of these
very different reactions. Although this catalytic prom-
iscuity emerged naturally, even before any evolution-
ary processes, as we noted above, theoretical studies
suggest that catalytic promiscuity is also evolutionarily
advantageous.

The systems described here (FIC. 6b,d ) are the first
examples of replicators exhibiting a proto-metabolism,
in the sense that they catalyse the formation of their
own precursors from molecules in their environment.
Even though some of them harvest light energy, these
systems do not (yet) use energy to drive endergonic reac-
tions, which, besides building precursors, is the second
important aspect of metabolism.

Integrating self-replication with
compartmentalization

Despite the promising evolutionary features revealed
by theoretical work on the reproducing compartment
model (see above), experimental systems in which
replication is coupled to compartment growth and
division have yet to be realized. However, some inter-
esting efforts in this direction have been described,
mostly relying on non-autonomous replicator systems
that use extant enzyme machinery to replicate oligo-
nucleotides. A system has been developed in which
enzyme-mediated replication is coupled to membrane
growth and division through electrostatic interactions
between anionic DNA that is being replicated at the cat-
ionic vesicle membrane®. Similarly, template-directed
RNA polymerization has been performed inside coas-
cervate compartments'. RNA replication can also be
mediated by the QP replicase, which tends to lead to
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the emergence of short RNAs that act as parasites — the
Spiegelman monster. Performing replication in a water—
oil emulsion represses the takeover by parasites while
maintaining the QP replicase activity'*. Parasites can, in
principle, still form, but this affects only a limited num-
ber of droplets from which they cannot escape. When
performing serial transfer experiments in microdroplet
format, replicating RNAs can survive and exhibit host—
parasite oscillation dynamics, even when challenged
with overall parasite concentrations that would cause
replicators to die out in bulk solution'*". This study also
showed that a host and parasite can co-evolve during
these experiments.

A notable recent collaborative study has afforded
a transient compartmentalization system featuring a
ribozyme that can cleave a polynucleotide substrate'*.
Different forms of a parasite repeatedly arose in the
experiments. Both the ribozyme and parasite were repli-
cated by the Q replicase, which was added together
with activated nucleotides. Experiments were performed
in the bulk and in microdroplets, with the latter repeat-
edly being broken and their contents mixed within a
common pool by external manipulation (each iteration
of this step can informally be called a ‘generation’). In
the bulk, the parasite took over the system, analogous
to the classic Spiegelman experiments'”. When intro-
duced into microdroplets in a regime in which the fate
of droplets did not depend on the activity of the ribo-
zyme, the extinction of the ribozyme was merely slowed
down. By contrast, the case of droplet sorting according
to metabolite concentration produced by the ribozyme
allowed it to coexist with the parasite. In a different
experiment, the Qp replicase was allowed to evolve
using an externally provided in vitro translation sys-
tem and the necessary resources. The experiments were
performed by small-volume serial transfer'** and in a
droplet-containing automated flow reactor'*. The bulk
experiment naturally resulted in the extinction of the
replicator. Serial transfer involved repeated droplet for-
mation and mixing and gave rise to oscillations in the
replicator and parasite populations. The basic growth
rate of the ribozyme was much lower than that of the
parasite, which was an order of magnitude shorter (we
have noted above the inherently faster replication of
shorter sequences). In this system, the replicase evolved
such that it selectively replicated the ribozyme rather
than the parasite.

Conclusions and outlook
Three decades of research on self-replicating systems
have provided us with an increasingly clear path towards
de novo life. Although there are many unsolved prob-
lems, these are starting to take the form of well-defined
and addressable research questions. Answering these
questions will likely be easiest by integrating theory and
experiment, an approach that is, unfortunately, still rel-
atively rare. We now outline the most pressing current
challenges and how these might be overcome.
Implementing Darwinian evolution of self-replicating
systems under conditions where dynamic kinetic stabil-
ity governs replicator distributions is becoming within
reach. Still lacking are ways to subject self-replicators
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to selective death. Indeed, most present experimental
models featuring death rely on serial dilution or physi-
cal removal, processes that are indiscriminate. Another
challenge to experimentally realizing Darwinian evo-
lution is ensuring a sufficiently large state space for a
system to explore and evolve into, while also having
a sufficiently high replication fidelity to allow the sys-
tem to maintain its identity in the face of the many pos-
sibilities for mutation. Probably the greatest challenge
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is to manage state space and experimental conditions
such that evolution becomes open-ended and the sys-
tem repeatedly invents new functions. The search for
open-ended evolution in a synthetic system is one of
the few problems for which theory is unlikely to provide
much guidance. Indeed, how does one allow a simula-
tion to make inventions? Nevertheless, we know that the
laws of chemistry and physics facilitate open-ended evo-
lution and it is encouraging that the first observations of
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<« Fig. 6 | Emergent catalysis in self-replicating systems. a | Self-replicator 32 can
catalyse its own formation by templating the condensation of 30 with 31. On replication,
an imidazolidinone functionality is formed, which acts as an organocatalyst for hydride
reduction (33 + 34 — 35) and Friedel-Crafts alkylation reactions (33 + 36 — 37)"*.
b | The Azoarcus ribozyme (17-18-19-20) can catalyse its own formation from 17-18-19
and 20 through phosphodiester transesterification. The replicator can also liberate more
17-18-19 and 20 from modified substrates 17-18-19-mod and 20-mod, respectively,
by cleaving off a short RNA fragment''. ¢ | The autocatalytic hexameric macrocycle (27b),
can catalyse the retro-aldol reaction that converts 38 into aldehyde 39 and Me,CO.
The catalysis is only observed when (27b) is stacked into fibres and not for the smaller
macrocycles. The reaction is performed at the same time as the replicator forms®".
d| Double-positive feedback system in which self-replicator (27b), not only acts as an
autocatalyst but also promotes the formation of the precursor molecules that it needs
to replicate. e | This mechanism can be realized with photocatalytic cofactor 40, which
bind to fibres of (27b), and becomes activated, converting *0, into 'O, to accelerate
thiol oxidation. This principle has been demonstrated using two different photoactive
cofactors: Rose Bengal 40a and tetraphenylporphyrin 40b®. Catalysed oxidation also
occurs upon cleavage of 41 by the fibres of (27b),. After H* abstraction, 41 is converted
into 42,43 and CO,. Product 42 speeds up the oxidation of 27b into (27b),/(27b), (REF."").
Part b adapted with permission from REF."*?, Oxford University Press.

chance inventions made by self-replicators have recently

been made®'.

is now moving in this direction, developing an experi-
mental system that solves Eigen’s paradox remains a huge
challenge. We first need to learn how to engineer specific
dynamics into replicator communities that might well rely
on different types of molecular structure. For example,
the structures of present-day ribosomes suggest a role for
co-evolution of peptides and nucleic acids. In this vein,
studies on systems of replicators that contain the struc-
tural elements of these compound classes would likely be
useful'”’. It is intriguing to note that different theoretical
models converge on solutions to Eigen’s paradox that fea-
ture replicators with catalytic capabilities in combination
with spatial confinement. Thus, from a bottom-up anal-
ysis of pushing Darwinian evolution of self-replicators in
the direction of increasing complexity, features emerge
that are central to the other two key characteristics of life:
metabolism (heavily dependent on catalysis) and com-
partmentalization. Hence, the confluence of replication,
metabolism and compartmentalization seems an innate
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process in Darwinian evolution. Life, based on these three

pillars, appears to be the logical outcome of a process of

evolution that starts from mere self-replication.

Theory recommends that experimentalists consider

communities of coexisting replicators. Although research
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