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Exploring	the	emergence	of	complexity	using	synthetic	replicators		
Tamara	Kosikovaa	and	Douglas	Philpa	

A	 significant	 number	 of	 synthetic	 systems	 capable	 of	 replicating	 themselves	 or	 entities	 that	 are	 complementary	 to	
themselves	have	appeared	in	the	last	30	years.	Building	on	an	understanding	of	the	operation	of	synthetic	replicators	in	
isolation,	this	field	has	progressed	to	examples	where	catalytic	relationships	between	replicators	within	the	same	network	
and	the	extant	reaction	conditions	play	a	role	in	driving	phenomena	at	the	level	of	the	whole	system.	Systems	chemistry	
has	 played	 a	 pivotal	 role	 in	 the	 attempts	 to	 understand	 the	 origin	 of	 biological	 complexity	 by	 exploiting	 the	 power	 of	
synthetic	 chemistry,	 in	 conjunction	 with	 the	 molecular	 recognition	 toolkit	 pioneered	 by	 the	 field	 of	 supramolecular	
chemistry,	thereby	permitting	the	bottom-up	engineering	of	increasingly	complex	reaction	networks	from	simple	building	
blocks.	 This	 review	 describes	 the	 advances	 facilitated	 by	 the	 systems	 chemistry	 approach	 in	 relating	 the	 expression	 of	
complex	 and	 emergent	 behaviour	 in	 networks	 of	 replicators	 with	 the	 connectivity	 and	 catalytic	 relationships	 inherent	
within	them.	These	systems,	examined	within	well-stirred	batch	reactors,	represent	conceptual	and	practical	frameworks	
that	can	then	be	translated	to	conditions	that	permit	replicating	systems	to	overcome	the	fundamental	limits	imposed	on	
selection	processes	in	networks	operating	under	closed	conditions.	This	shift	away	from	traditional	spatially	homogeneous	
reactors	towards	dynamic	and	non-equilibrium	conditions,	such	as	those	provided	by	reaction-diffusion	reaction	formats,	
constitutes	a	key	change	that	mimics	environments	within	cellular	systems,	which	possess	obvious	compartmentalisation	
and	inhomogeneity.	

Introduction	
Complex systems pervade the world around us: stock markets, 
metabolic pathways, ecosystems and the weather all exhibit 
significant complexity1 in their behaviours. The ideas 
surrounding complexity are embedded within the core of most 
major scientific disciplines, including computer science, 
biology, mathematics and physics. In chemistry, these concepts 
have represented a rather niche interest for a long time. 
Historically, the avoidance of complexity has been a direct 
consequence of the analytical intractability of these systems 
both in a chemical and a mathematical sense. The blossoming 
of synthetic organic chemistry2 during the 20th century was 
driven by a focus on the creation and manipulation of covalent 
bonds with exquisite control and selectivity. This control has 
been exploited in the elegant syntheses of a staggering array of 
chemical compounds using strategies that are designed to 
exploit the sequential, programmed application of chemical 
reactions with predictable outcomes, affording ultimately the 
target structures. By contrast, the deliberate creation of 
mixtures in synthetic chemistry has only become popular with 
the advent of combinatorial approaches3 for the generation of 
compound libraries for screening purposes. The avoidance of 
mixtures in synthetic organic chemistry is somewhat surprising 
given the complexity of the chemical networks that operate in 
biological systems. Such networks exploit a wide range of 

reaction pathways that have significant numbers of 
interconnections. These interconnections are key in allowing 
the system to introduce checkpoint controls and feedback loops, 
created through interactions between distant network nodes, 
thereby permitting regulation of overall pathway. These 
complex networks, built using the interactions and reactions 
between molecules, allow biological systems to adapt and 
respond rapidly to external stimuli and process chemical feed 
stocks in defined ways as required. 

Over the past 20 years, systems-based approaches have 
emerged,4 first in the field of biology and, later, also in 
chemistry. These approaches are directed at understanding 
chemical and biological complexity using a holistic approach. 
In particular, systems chemistry5 aims to explore the 
connections between the properties of individual components 
(molecules) and the emergence of complex, system-level 
behaviour arising as a result of the interactions of these 
components. In exploiting synthetic chemistry for the design 
and development of systems with complex and potentially life-
like properties, systems chemistry strives to develop a better 
understanding of the governing principles of assembly and 
function in complex systems, thereby shedding light on the 
origins of biological complexity.  

The presence of living organisms means that, indisputably, 
the transition6 from simple chemical building blocks to a world 
awash with living organisms must have occurred at least once. 
A fundamental component of this transition is the emergence of 
self-replication7—i.e. a process by which a chemical entity 
templates its own synthesis. On the early Earth, self-replication 
must have served not only as the means of transferring 
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information to molecular progeny, but also as the amplification 
mechanism by which certain molecular constitutions became 
dominant in chemical mixtures. The process of replication is 
ubiquitous in Nature, and the reliance on template-directed 
processes for the copying and transmission of information using 
DNA as the genetic blueprint is well understood8 in modern 
biology. The structural features and uniformity of the current 
genetic material suggest that all modern living systems emerged 
from a single Last Universal Common Ancestor9 (LUCA), 
marking the transition from an inanimate world to a 
recognisably living entity. Although our current understanding 
and agreement as to what constitutes life remains10 
controversial, it is clear that the transformation to a living world 
required that the simple, chemical components on the prebiotic 
Earth were elaborated into larger functional biopolymers. These 
functional materials must have been capable of both catalysis 
and replication, with the capacity to couple to primitive 
metabolic cycles and membrane-based compartments. There 
are numerous models and theories that strive to explain how 
this gradual transition could have taken place, and these models 
can generally be grouped into one of three main classes, 
differing in their approaches4b,11 to the experimental study of 
emergence of life—the RNA world,12 metabolism first,13 and 
the compartmentalistic approach14—which are complemented 
by more integrative systems approaches.15 These schools of 
thought tend to disagree on the identity of the molecular species 
believed to have emerged first during the process of chemical 
evolution. Moving beyond the restrictions and challenges 
imposed by studying molecules with specific relevance to 
current biology, systems chemistry5 explores the importance of 
replication processes, driven by autocatalysis and 
crosscatalysis, as observed through the prism of synthetic 
model systems. Through such study of replication phenomena 
relevant to the origin of life—i.e. processes arising long before 
the emergence of the LUCA, it is possible to arrive at a set of 
minimal structural, recognition and reaction requirements 
needed for a system to be capable of replication, delineating 
boundary conditions for the emergence of the enzymatic 
machinery available to modern cells. 

In this review, we summarise the principal modes of 
replication (minimal self-replication and reciprocal replication) 
and review a new self-replication model reported recently based 
on an informational leaving group. Using examples of synthetic 
replicators, we explore the increasingly complex networks 
constructed from replicating systems based on oligonucleotides, 
peptides and small organic molecules. Building on these 
systems, we examine replicating systems coupled to dynamic 
processes and their role in driving the outcome of replication. 
Finally, we discuss replicating systems that operate under 
reaction-diffusion conditions—an area that has received limited 
attention to date. We finish this review with a brief critical 
overview of the work achieved to date and outline of potential 
future prospects for the field of synthetic replicators that will 
facilitate our understanding of replication phenomena and the 
emergency of complexity in general. 

 

Overview	of	replication	models	
A molecular self-replicating system is one that is capable of 

transmitting structural information through an autocatalytic 
process. Self-replication forms a subset of autocatalytic 
reactions, where the reaction product acts as a specific 
autocatalyst for its own formation from its constituent building 
blocks, and, thus, the rate of the autocatalytic reaction 
correlates directly with the amount of catalytically active 
template present within the reaction mixture. 

Fig. 1a presents a minimal model of self-replication 
comprising three reaction channels. In this model, two 
molecules A and B are equipped with complementary reactive 
(orange and green) and recognition sites (yellow and blue). 
These two components can react through an uncatalysed, 
template-independent reaction to produce template TAB 

(Channel 1, Fig. 1a)—a process associated with the rate 
constant kbi. Alternatively, template formation can proceed 
through two recognition-mediated channels. Components A and 
B possess complementary recognition sites that enable them to 
associate in a binary complex [A•B] (Channel 2, Fig. 1a). This 
association preorganises the reactive sites such that the reaction 
between A and B proceeds within this complex in a 
pseudounimolecular manner to form a closed, catalytically 
inactive template TAB*. The second recognition-mediated 
pathway (Channel 3, Fig. 1a) exploits the open template TAB. 
This template possesses recognition sites complementary to 
those present in A and B. The recognition of A and B by TAB—
governed by the association constant, Ka

Ind, and the level of 
cooperativity in the system—allows the formation of a ternary, 
catalytically active complex [A•B•TAB]. Within this complex, 
the template TAB preorganises the reagents A and B resulting in 
the acceleration of the reaction between A and B. The level of 
rate acceleration in the corresponding rate constant kauto relative 
to kbi can be determined by calculating the kinetic effective 
molarity16 (EMkinetic, Fig. 1c). This template-directed reaction 
affords a template dimer [TAB•TAB] whose stability is described 
the duplex association constant, Ka

Duplex. The dissociation of 
[TAB•TAB] releases two template molecules that can participate 
in further autocatalytic reactions. The values of Ka

Ind and 
Ka

Duplex can be used to calculate the thermodynamic effective 
molarity17 (EMthermo, Fig. 1c) as a means of indirectly 
comparing the stability of the template duplex relative to the 
corresponding ternary complex. 

It should be noted that in addition to the parameters EMkinetic 
and EMthermo, which can be used to describe and quantify the 
behaviour of replicating systems, two other parameters—
namely autocatalytic reaction order p and autocatalytic 
efficiency ε, introduced7i first by von Kiedrowski in 1993 in his 
detailed work on the minimal replicator theory—have been 
used extensively to describe self-replicating systems. Despite 
their widespread use, in particular in early studies of artificial 
replicators, these parameters, however, do not permit‡ direct 
comparison of replicating systems and their discussion in this 
review will therefore be limited.  
 The minimal model of self-replication presented thus far 
relies on self-complementary recognition. Molecular replication 
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can also proceed through an alternative, reciprocal mechanism, 
where two different template molecules are present, each 
equipped with recognition sites that are complementary those 
on the other template, thereby enabling formation of a template 
heteroduplex. The minimal model of reciprocal replication 
(Fig. 1b) constitutes two uncatalysed reaction channels and two 
template-directed crosscatalytic pathways. This simplest form 
of reciprocal system is constructed from two pairs of building 
blocks, each equipped with complementary reactive sites: A 
can react only with C and B can react only with D. Bimolecular 
reactions of these components afford two templates, TAC and 
TBD (Channels 4 and 5, Fig. 1b), at rates that can, again, be 
described by the appropriate bimolecular rate constants, kbi. 
These templates do not have the necessary self-complementary 

recognition sites required for self-replication. However, the 
reciprocal nature of the recognition processes allows the TBD 

template to crosscatalyse the formation of TAC through the 
formation of a catalytically active ternary complex [A•C•TBD] 
and vice versa. These two crosscatalytic template-mediated 
channels (Channels 6 and 7, Fig. 1b) are each described by 
their respective pseudounimolecular rate constants, kcross, and 
afford a template heteroduplex that dissociates to return one 
molecule of TAC and one of TBD back to the start of the cycles, 
allowing them to participate in further crosscatalytic cycles. As 
in the case of the self-replicating model, the availability of the 
free catalytically active templates in solution depends on the 
relevant association constant, in this case Ka

Heteroduplex, and the 
corresponding EMthermo. 

 

 
 
Fig. 1 Cartoon representations of a the minimal model of self-replication and b the minimal model of reciprocal replication. a Components A 
and B possess reactive (green/orange) and recognition (blue/yellow) sites. Formation of template TAB can proceed through a slow bimolecular 
reaction (Channel 1) and template-mediated self-replicating pathway (Channel 3). Channel 2 described the formation of catalytically inactive 
product TAB* through a binary reactive complex [A•B]. b Two templates, TAC and TBD, containing complementary recognition sites (yellow and 
blue) are formed initially through the bimolecular reactions of A with C (Channel 4) and B with D (Channel 5). Once formed, these templates 
can participate in two template-mediated reciprocal pathways (Channels 6 and 7), where TAC is formed via the catalytically active ternary 
complex [A•C•TBD], and TBD via the analogous complex [B•D•TAC]. c Equations for determination of effective kinetic molarity (EMkinetic) and 
effective thermodynamic molarity (EMthermo) of a replicating system. d–g Effect of EMkinetic and EMthermo on the time course profile of a minimal 
self-replicating system (TAB, green, d,e) and minimal reciprocal replicating system (TAC or TBD, blue, f,g). Simulated conditions: 10 mM,  
kbi = 0.001 M–1 s–1, Ka

Ind = 1000 M; d,f: parameters kauto and kcross were varied, while Ka
Duplex and Ka

Heteroduplex = 106 M–1; e,g: parameters Ka
Duplex and 

Ka
Heteroduplex were varied, while kauto and kcross = 0.001 s–1. 

 
The kinetic profiles of replicating systems can display, and 

are often associated with, sigmoidal time courses. The 
simulated kinetic profiles for replicators based on the minimal 
model of self-replication (Figs. 1d and 1e) and reciprocal 
replication (Figs. 1f and 1g), however, reveal that the 
appearance of the concentration vs. time profiles for these 
systems is strongly dependent on the kinetic and 
thermodynamic parameters. Although, the presence of a 

sigmoidal reaction profile is directly related to the processes 
and reactions inherent to the minimal models described above 
(Figs. 1a and 1b), it is not diagnostic of their presence. The rate 
of self-replication is directly related to the amount of free, 
catalytically active template present in the reaction mixture. 
Therefore, a lag period in the formation of product is observed 
at the beginning of each reaction time course—at this time, 
only unreacted fragments are present and the reaction proceeds 
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through the template-independent bimolecular pathway. Once a 
sufficient concentration of the template has built up in solution 
to associate with the unreacted materials, which is dependent on 
the strength (Ka

Ind) of the relevant recognition process, the 
autocatalytic cycle is established. For this reason, the maximum 
reaction rate for a self-replicating system is not observed at the 
start of the reaction, but instead at a later time point. 
Undertaking the same reaction in the presence of preformed 
template, added at the start of the reaction, should result in a 
shortening or disappearance of the lag period and an enhanced 
initial rate of reaction, if the system is self-replicating. For this 
reason, template-instructed experiments are used to confirm the 
capacity of a molecular framework to replicate. 

In a reciprocal replicating system (Fig. 1b), the formation of 
both templates will proceed at the rate of the respective 
uncatalysed bimolecular reactions until sufficient 
concentrations of templates, required for efficient crosscatalysis 
mediated by the assembly and reaction of building blocks in the 
catalytically active ternary complexes, have built up in the 
reaction mixture. In the presence of free template molecules, 
each active crosscatalytic reaction can proceed through the 
template-directed pathway, and, as a result, the corresponding 
reaction rate correlates directly with the amount of free 
template present in solution. 

Template duplexes play a crucial role in both self-
replication and reciprocal replication, resulting in the sensitivity 
of these systems to product inhibition. In both processes, 
product inhibition can dramatically reduce the efficiency of 
replication, as the template is sequestered within product 
duplexes, and is, therefore, not available as the monomeric 
template required for efficient auto- and crosscatalysis. In the 
ideal situation, these systems would be designed such that the 
catalytically active ternary complexes are more stable than the 
product duplexes formed, which would facilitate the 
dissociation of these duplexes.  

Generally, there are two reaction parameters can be varied 
fairly easily in order to improve the catalytic efficiency of a 
replicating system operating through one of the minimal 
models: concentration and temperature. By altering the 
concentration at which the reaction is performed, the proportion 
of free and bound template in solution can be manipulated. For 
example, changing the reaction concentration can be useful for 
controlling the relative contribution of the bimolecular and the 
recognition-mediated pathways towards the production of 
template. If, for example, the reaction concentration is halved, 
the rate of the bimolecular reaction will decrease by a factor of 
four. By contrast, the rate of the pseudounimolecular reaction is 
directly proportional to the concentration of the ternary 
complex. Hence, there is a more complex relationship between 
this reaction process and concentration depending on whether 
the overall concentration is above or below the Kd for the 
ternary complex. Replicating systems generally contain a large 
number of components that can be present in bound or unbound 
states within the reaction mixture. Therefore, in order to 
deconvolute the overall effect of concentration on the reaction 

time course, it is often useful to employ kinetic simulations, 
utilising rate and association constants that are known or for 
which reasonable estimates can be made. 

Alterations in the temperature at which the experiment is 
performed can also be exploited for increasing the efficiency of 
replication. For example, an increase in the reaction 
temperature will reduce the association constant for the product 
duplex, in turn decreasing product inhibition. Simultaneously, 
however, the increase in temperature also affects the assembly 
of the building blocks into the catalytically active complexes as 
Ka

Ind is also decreased. Changes in reaction temperature also 
affect the reaction processes and sometimes these changes to 
complex stability and reactivity will act in concert. For 
example, a decrease in the reaction temperature slows down 
both the bimolecular and unimolecular reaction rate, whilst 
simultaneously increasing the stabilities of all complexes 
relying on non-covalent interactions. The latter can perhaps 
lower the quantity of template required for its assembly with 
the reaction components in to catalytically active complexes. 
Ultimately, predicting the overall effect of changing 
temperature on the efficiency of replication can pose a 
significant challenge. 

Taking inspiration from the capacity of non-coding tRNA to 
act both as a leaving group and carry information, as well as 
their previous work on nucleotide-based systems, Herdewijn 
and co-workers described18 a model (Fig. 2) that exploits the 
concept of an informational leaving group (ILG) to create a 
replication process in which the template duplex is weakly 
bound and, thus, less susceptible to product inhibition. In this 
ILG-based model, a template molecule TEF is formed by the 
reaction of two precursors, E and F (Channel 1, Fig. 2a). Each 
precursor contains two recognition sites and one reactive site. 
Interestingly, the increased number of recognition sites means 
that the components E and F can associate together to form two 
binary complexes, [E•F]-1 and [E•F]-2 (Fig. 2b) as well as into 
larger oligomeric assemblies. The template forming reaction in 
this model is associated with a concomitant displacement of the 
leaving group, LG (Fig. 2a), to afford template TEF that is 
equipped with three recognition sites, and not template TEF* 
(Fig. 2b), the formation of which would be expected in the 
absence of an operative ILG mechanism. In a manner similar to 
the minimal model of self-replication, the produced template 
TEF can associate with the precursors, E and F, to form a 
catalytically active ternary complex [E•F•TEF]. Template TEF 
preorganises the reactive sites of E and F, thus accelerating 
their reaction within the ternary complex to produce 
[TEF•TEF•LG] (Channel 2, Fig. 2a). Since the formation of 
each template molecule is associated with the release of the 
leaving group LG, the original template TEF in the resulting 
complex [TEF•TEF•LG] is participating in two individual 
recognition-mediated interactions with (i) another molecule of 
TEF and (ii) LG, which makes this complex significantly less 
stable in theory than the analogous template dimer formed in 
the minimal model (see [TAB•TAB], Fig. 1a). 
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Fig. 2 a Cartoon representation of a minimal model of self-replication based on an informational leaving group (ILG) strategy reported by 
Herdewijn and co-workers in 2016. Precursors E and F are each equipped with two recognition sites and a reactive site (black), and react to 
form a molecule of template TEF—a process which is associated with a concomitant release of a leaving group LG (Channel 1). The template 
TEF can catalyse the reaction between E and F by preorganising their reactive sites in a catalytically active ternary complex [E•F•TEF]. The 
pseudo-unimolecular ligation step (Channel 2) produces a ternary complex that contains two template molecules and LG, [TEF•TEF•LG]. 
Dissociation of LG produces a template complex [TEF•TEF], which exists in equilibrium with two free catalytically active molecules of TEF. b The 
recognition sites on precursors E and F allow them to form binary complexes [E•F]-1 and [E•F]-2 (as well as longer oligomeric assemblies, not 
shown here). Formation of template TEF* in the ILG-based model is not possible. While the association of LG with template TEF in complex 
[TEF•LG] could affect the efficiency of replication, simulations by Herdewijn and co-workers show that ILG replicators can outperform systems 
based on the classical minimal model. Currently, there are no experimental examples of this replication model. 
 

Dissociation of LG from the ternary complex 
[TEF•TEF•LG] produces a template dimer [TEF•TEF], which is 
in equilibrium with the free form of the catalytically active 
template TEF. This new ILG-based model of self-replication 
provides an interesting mechanism for destabilising the product 
duplex, with the potential to improve replication efficiency. 
Using kinetic simulations, the authors demonstrated the 
performance of the ILG-based model under different 
temperature regimes and compared their model to the well-
established minimal model of self-replication discussed 
previously, showing that it can outperform replicators based on 
the classical minimal model despite the potential for the 
formation of the unproductive complex [TEF•LG]. Currently, 
despite the considerable potential of this model, its overall 
viability and, in particular, the possible challenges associated 
with product inhibition arising from the association of the free 
template TEF with the leaving group LG in complex [TEF•LG] 
are untested experimentally.  

Synthetic	minimal	self-replicating	systems	
The establishment of theoretical requirements7 for the creation 
of self-replicating systems spawned reports of experimental 
synthetic systems capable of templating their own synthesis or 
that of other molecules. The abiotic replicating systems 

reported to date range from simple replicators operating in 
isolation in a reaction medium to a collection of increasingly 
complex networks of replicators, with each example enabling 
us to advance our understanding of the molecular origins of life 
and the associated increase in complexity. In this section, 
examples of minimal synthetic replicating systems based on 
oligonucleotides, peptides and small molecules will be 
presented. 

Following extensive work19 on template-directed synthesis 
of oligonucleotides by Orgel and co-workers, the von 
Kiedrowski laboratory reported20 in 1986 the first example of 
non-enzymatic self-replication in a model chemical system 
based on an oligonucleotide strand with a palindromic sequence 
(Fig. 3a). In the replication cycle, a trinucleotide CCG 
(protected at the 5’ end), activated using a carbodiimide 
(EDCI) in situ, was coupled to trinucleotide CGG (protected at 
the 3’ end), affording a hexanucleotide template CCGCGG. 
The complementarity of the template sequence, now protected 
at both the 3’ and 5’ ends, to the building blocks CCG and 
CGG enabled the association of the template with the 
trinucleotide precursors via hydrogen-bonding-mediated 
recognition between the Watson-Crick base pairs, thus 
facilitating the formation of phosphodiester bond, although with 
relatively low efficiency. The ability of the hexanucleotide to 
replicate was improved when the sequence was redesigned21 to 
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take advantage of an amine as the nucleophile on the cytosine 
in the CGG trinucleotide instead of a hydroxyl group. This 
replicator based on a 3’,5’-phosphoamidate linkage exhibited 
parabolic growth and sigmoidal reaction profile, with an 
autocatalytic efficiency‡ ε of 420. In subsequent work, von 

Kiedrowski and co-workers have designed22 a self-replicating 
oligonucleotide system assembled from three building blocks 
and employed23 DNA strands immobilised on solid supports to 
overcome the product inhibition that limited the replication 
efficiency of their earlier designs. 

 
 

Fig. 3 a A self-replicating hexanucleotide with a palindromic CCGCGG sequence capable of catalysing its own formation by preorganising 
two smaller trinucleotides CCG and CGG in a catalytically active ternary complex, as reported by von Kiedrowski in 1986. b Schematic 
representation of the minimal replication cycle of a self-replicating RNA ribozyme T, formed from two smaller subunits, A and B, as reported 
by Paul and Joyce in 2002. The structural details of the self-replicating ligase ribozyme illustrate the two-fold symmetry of the template. 
 

Soon after the first example reported20 by von Kiedrowski, 
Zielinski and Orgel demonstrated24 a self-replicating minimal 
system based on the chemistry of 3’-amino-3’-deoxy 
nucleotides. The replication of the resulting tetranucleotide 
analogue template (ε = 340), however, was also hampered by 
product inhibition. In 2002, Paul and Joyce reported25 the first 
example of an RNA-based self-replicating system, exploiting26 
an R3C RNA ligase ribozyme. The study employed an adapted 
version of an R3C ligase ribozyme, capable of catalysing the 
formation of a 3’,5’-phosphodiester bond between two 
individual RNA molecules. The RNA ribozyme template T was 
designed to be capable of ligating two RNA subunits A and B 
(Fig. 3b) via a ternary complex, producing an exact copy of 
itself. The reaction was mediated by a nucleophilic attack of the 
3’-hydroxyl group of A on the ⍺-phosphate of the 5’-pppG of 
subunit B to give a template duplex [T•T], with a two-fold 
centre of symmetry. When the formation of the RNA ribozyme 
was examined in the presence of preformed template, the 
system showed a clear increase in the initial rate of template 
formation. The enhanced reaction rate observed in the template-
instructed experiment, however, was found to be only 
temporary, indicating that, while the ternary complex [A•B•T] 
contributes to the formation of the template, a competing 
process in the system prevents the replication cycle from 
operating efficiently. Kinetic fitting revealed that two processes 
contribute to the formation of template T. Specifically, the 
enhanced rate of replication observed early on in the reaction 
was attributed to ligation mediated by [A•B•T] complexes, 
which were produced by the association of preformed 

complexes [B•T] with A. By contrast, the second, slower phase 
was dominated by the bimolecular reaction of A and B in the 
absence of template. The authors suggested that the decrease in 
the efficiency of the designed RNA system over time stems 
from the similarities in the nucleotide sequences of components 
A and B, which results in inhibition mediated by the formation 
of an inactive binary complex [A•B], the binding of which 
could not be disrupted by the addition of preformed template. 
The authors found that the deleterious effect exerted by the 
strong [A•B] complex on replication could be circumvented by 
either premixing T with B prior to the addition of A or by the 
addition of an excess of A to the reaction mixture.  

The transfer of information in the synthetic oligonucleotide-
based synthetic replicators discussed thus far relies on specific, 
well-defined patterns of molecular recognition elements—i.e. 
the recognition is directed by hydrogen-bonding interactions 
between donor and acceptor elements, encoded within each 
oligonucleotide sequence that permit the assembly into 
catalytically active complexes. Formation of a self-replicating 
peptide, likewise, necessitates that the peptide template be able 
to associate with smaller peptide fragments in some form of a 
catalytically active complex. In comparison to oligonucleotides, 
however, peptides possess a considerably richer structural 
lexicon, arising from the increased number of building blocks 
used—i.e. 20 amino acids compared to the four nucleotides in 
replicating systems based on DNA. Inter-peptide recognition is 
determined not only by the primary sequence of the amino 
acids, but also by the secondary and tertiary structures created 
by the interactions between those amino acids.  
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The first experimental demonstration of peptide replication 
was reported27 in 1996 by Ghadiri and co-workers. The design 
of the 32-residue self-replicating ⍺-helical peptide (Fig. 4a) 
was inspired28 by the leucine zipper domain of the yeast 
transcription factor GCN4. This peptide replicator design 
exploited a simple protein folding motif—an ⍺-helical coiled-
coil, distinguished by peptide sequences composed of heptad 
repeats (abcdefg)n, which produce two coiled-coils wrapped 
around each other with a slightly left-handed, superhelical 
twist. The sequence of the reported peptide replicator (Fig. 4a) 
implements six substitutions relative to the wild type GCN4. Of 
particular interest is the substitution of a neutral, hydrophilic 
asparagine residue (position 16 in the sequence), located within 
the core hydrophobic region, with a hydrophobic valine residue, 
which enabled equilibration between a dimeric and trimeric 
coiled-coil structure (i.e. catalysis could be mediated by one- 
and/or two-stranded ⍺-helical coil).  

Monomeric coiled-coil peptides are generally present as 
random coils in aqueous solutions. However, these peptides can 
adopt a completely ⍺-helical structure provided that a suitable 
template framework for directing their assembly is present. As 
with other minimal replicating systems, an autocatalytic peptide 
system built from two smaller complementary peptides, each 
equipped with a reactive group, needs to assemble on a peptide 
sequence that positions these fragments in an orientation that 
promotes their reaction. In a situation where these fragments 
are the constituent parts of a longer template sequence, the 
product formed by their reaction constitutes an identical copy 
formed through self-replication. The self-replicating peptide 

described by Ghadiri was capable of forming both dimeric and 
trimeric assemblies, with both T and [T•T] serving as potential 
autocatalytic templates. The recognition mediating the 
template-directed reaction in this peptide system was afforded 
by interactions between complementary hydrophobic and 
electrostatic peptide surfaces (Figs. 4a and 4b). Specifically, 
residues at positions a and d (Fig. 4a, red) within the peptide 
sequence drive the inter-helical recognition through 
hydrophobic interactions, playing a pivotal role in determining 
the stability and orientation of coiled-coil peptides. Residues in 
positions e and g (Fig. 4a, blue) within the heptad repeat are 
responsible for driving the intra-component recognition through 
electrostatic interactions. Residues b, c and f (Fig. 4a, yellow), 
on the other hand, are located on the solvent exposed surface, 
and do not therefore contribute to the recognition. The ligation 
site (Fig. 4a, orange) is positioned on the solvent-exposed 
surface in order to avoid potential interference with the 
hydrophobic core responsible for recognition. The peptide 
coupling strategy exploited by Ghadiri and co-workers 
employed a thioester-promoted native peptide ligation (Fig. 
4c), first described29 by Kent and co-workers in 1994. Peptide 
template T is formed through the reaction of an N-terminal, 17-
residue electrophilic fragment E (Fig. 4d), activated as a 
thiobenzyl ester, and a 15-residue C-terminal nucleophilic 
fragment N (Fig. 4d), bearing a free cysteine residue. The 
native ligation reaction proceeds through an intermediate 
thioester (Fig. 4c), which undergoes intramolecular 
rearrangement to produce the final, more thermodynamically 
stable amide bond at the ligation site. 

 
Fig. 4 a and b Design of an ⍺-helical, coiled-coil peptide capable of self-replication, reported by Ghadiri and co-workers in 1996, featuring a 
heptad repeat (abcdefg)n. Recognition between peptides and their assembly into complexes is mediated by the recognition between the 
hydrophobic residues at positions a and d (red) and electrostatic interactions between residues at positions e and g (blue). Residues b, c and f 
(yellow) are exposed to the solvent surface and do not contribute to recognition. Position of the two residues, alanine (pre-activated as 
thiobenzyl ester) and cysteine, required for native chemical ligation (see c) is highlighted in orange. c Mechanism of native chemical ligation 
that leads to the formation of self-replicating peptide. The ligation to produce template T occurs between an N-terminal pre-activated 
thiobenzyl ester on E (peptide 1) and C-terminal cysteine located on nucleophilic fragment N (peptide 2). d Sequences of fragments E and N 
and template T. 

 
The ability of the designed coiled-coil peptide to self-

replicate was established unambiguously through template-
instructed kinetic experiments, where the ligation reaction was 
examined in the presence of increasing quantities of preformed 
peptide template T, added at the reaction onset. The replication 
process displayed parabolic growth, where the initial rate of 

ligation correlated with the square root of the concentration of 
the initial template added, suggesting that replication is limited 
by product inhibition despite the relatively high autocatalytic 
efficiency (ε = 500). The authors established that the efficiency 
of replication is extremely sensitive to the identity of the 
residues within the peptide sequence by exploring conservative 
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substitutions of the residues at the key positions within the 
sequence of the peptide, a and d (e.g. a peptide containing an 
alanine residue instead of valine at position 9 displayed no 
significant template-assisted catalytic activity). Similarly, in the 
presence of guanidinium hydrochloride, a chaotropic reagent, 
revealed no observable enhancement in recognition-mediated 
formation of template. The authors also probed the potential 
contributions of the reactions between the binary complexes 
and the individual smaller fragments, i.e. [T•E] with N and 
[T•N] with E, towards the production of peptide T, by 
examining reactions with “crippled” peptide sequences 
containing a single mutation within the hydrophobic 
recognition-mediating core of the peptide fragments. Kinetic 
analyses of the data obtained with these fragments confirmed 
that the addition of the mutated templates, formed by the 
reaction of a “crippled” and a native fragment, capable of 
associating with E or N into binary complexes only, afforded 
no enhancement in the rate of formation of the native peptide. 
Taken together, the authors were able to demonstrate for the 
first time that a recognition-mediated, enzyme-free peptide 
replication is possible in systems exploiting the coiled-coil 
structural motif.  

This first example27 of a self-replicating peptide from 
Ghadiri and co-workers was followed rapidly by a number of 
other examples30–32 exploiting similar design principles. 
Notable examples were described by Chmielewski and co-
workers, who reported31,32 the kinetic analyses of two peptide 
replicators, the functions of which could be modulated through 
environmental control of pH31 (E1E2 system, Fig. 5) and ionic 
strength32 (referred to as the K1K2 system), thereby allowing 
peptide self-replication to be switched on and off through the 
application of environmental stimuli. These two systems, 
together with the replicators reported by Ghadiri and co-
workers, however, all suffered from varying degrees of product 
inhibition. 

 

 
 

Fig. 5 A cartoon representation of a self-replicating peptide E1E2 
modulated by pH, as described by Chmielewski and co-authors. The 
recognition-mediated reaction processes in the system, and, thus 
also the formation of the catalytically active complex, are only 
effective at low pH (in this case, pH = 4), at which the two glutamate 
residues are protonated. R = (CH2)2CONH2.  
 

Since these initial reports, researchers in the area of peptide 
self-replication have made remarkable progress towards the 
design and implementation33,34 of peptide replicators in which 
product inhibition is minimised or almost eliminated. For 

example, Issac and Chmielewski demonstrated33 that efficiency 
of peptide replication increases considerably when the length of 
the peptide sequence is reduced by one heptad. This shortened 
peptide replicator (26 residues vs. 32 in the original design) 
exhibited autocatalytic efficiency (ε) of 100000, reaching 
nearly exponential replication. The decrease in product 
inhibition of this shortened system was further corroborated by 
a 20 °C decrease in the melting temperature of the re-designed 
26-residue peptide replicator relative to the parent E1E2 
system. Chmielewski and Li reported34 an alternative strategy 
for overcoming product inhibition, in which the destabilisation 
of the product duplex and the consequent enhancement in 
replication efficiency was driven by the incorporation of a 
proline residue at a strategic location within the replicator 
sequence introducing35 a significant kink. In this case, the 
proline-containing template replicated with a 260-fold increase 
in catalytic efficiency (ε = 320000) relative to the system 
lacking the proline. 

Ashkenasy and co-workers introduced36 an attractive 
strategy for exploiting light as a control trigger for peptide 
replication. The experimental design was again based on a 
dimeric coiled-coil assembly and exhibited high levels of 
sequence specificity for replication. The peptide template 
contains a photocleavable moiety (Fig. 6, yellow star), 6-
nitroveratryloxycarbonyl (Nv) bound to a lysine residue (g), 
that participates in electrostatic interactions important for 
replication. This caging element afforded a peptide template 
that has a significantly reduced propensity for dimerisation and 
association with smaller peptide fragments, N and E. Exposure 
to light as a stimulus led to efficient removal of the Nv group, 
thereby re-establishing the ability of the template to self-
replicate through the normal association pathway (Fig. 6). 

 

 
 

Fig. 6 a Replicating peptide system controlled by light. In the 
absence of light (left), peptide template TNv exists as a random coil, 
incapable of dimerisation. Exposure to monochromatic UV light 
cleaves the caging moiety (yellow star, position g), producing active 
template T. The activated template forms a dimeric coiled-coil [T•T] 
that is capable of associating with smaller fragments E and N in a 
quaternary complex [T•T•E•N]. KNV (highlighted in red) represents 6-
nitroveratryloxycarbonyl protected lysine; R’ = ethanesulfonic acid. 

The authors demonstrated that the amount of template 
within the mixture can be modulated by the length of exposure 
of the system to light, thereby providing a direct control over 
the rate of replication. By exploiting two other nucleophilic 
fragments, the authors also demonstrated that the concept of 
light-induced replication can be used to implement AND logic 
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operation, where both light and addition of preformed template 
were used as instructions.  

Biology is dominated by nucleic acids and proteins, which 
play key informational and catalytic roles. As a consequence, 
theories12,15 for the emergence of life on the prebiotic earth 
emphasise the role of these classes of molecules and their 
emergence in the transition from chemical matter to life. As a 
result of its capacity37 to not only store hereditary information 
but to also act as a catalyst, RNA is often suggested to have 
played an essential part in the appearance of biological 
complexity. Despite the obvious relevance of RNA for living 
systems, there are certain difficulties associated38 with the 
formation of strands of RNA of sufficient length and in large 
enough quantities from the corresponding building blocks. The 
Eschenmoser group has investigated11a,39 the “Etiology of 
Nucleic Acid Structure”, examining the chemical rules that 
underlie the origin and specific nature of RNA, as well as 

potential RNA alternatives and predecessors. Peptide nucleic 
acid40 (PNA) based oligomers have been identified41 as a 
potential genetic material that could have preceeded RNA on 
prebiotic earth. Unlike in DNA and RNA, the backbone in PNA 
is comprised of an uncharged, achiral, pseudopeptide 
framework. In addition, the components required for its 
formation, as well as that of other related peptide nucleic acids, 
have been detected42 in experiments mimicking potentially 
plausible prebiotic conditions and have been detected41b,41c in 
the Murchison meteorite. Furthermore, the possibility of 
information transfer from PNA to RNA and DNA to PNA has 
been demonstrated43 experimentally, further corroborating the 
potential role of PNAs as a prebiotically relevant class of 
molecules. Fairly recently, the first example of a synthetic self-
replicating PNA (Fig. 7) has been reported44 by Plöger and von 
Kiedrowski. 

 

 
 

Fig. 7 PNA-based self-replicating template T reported by Plöger and von Kiedrowski, formed by the reaction of two trimeric building blocks, 
A and B. 
 

The authors employed two building blocks (Fig. 7), namely, 
component A bearing two nucleobases and difluorotoluene 
residue and component B bearing three nucleobases, for the 
construction of the self-complementary hexa-PNA template T. 
The ability of the designed PNA sequence to template its own 
formation from A and B was demonstrated successfully using 
19F NMR spectroscopy kinetic experiments employing 
preformed template T as instruction. Similarly to the behaviour 
observed for the early oligonucleotide designs, the dissociation 
of the product template represented the rate-limiting step in this 
system. Through optimisation of the nucleophilic catalyst, pH 
and co-solvent, the authors were able to improve the 
autocatalytic efficiency (ε) of their system by two orders of 
magnitude. In parallel, Nielsen and Singhal have reported45 an 
example of a PNA-based reciprocal replication system, where 
four pentameric precursor PNAs could react together via two 
primary crosscatalytic pathways and two pathways generating 
self-complementary products. Interestingly, while the two 
reciprocal templates acted as crosscatalysts, neither of the self-
complementary decameric PNA products displayed any 
appreciable autocatalytic activity. The authors also investigated 
the influence of oligomer length on replication, demonstrating 

that a shorter system constructed from tetrameric building 
blocks (octameric templates) was less efficient than that 
utilising pentameric components. 

In terms of the chemical evolution that took place on the 
early Earth, two features are of significant interest: the extant 
reaction processes and the local environment within which 
these processes take place. These considerations are tightly 
interconnected, influencing together which biomolecules are 
formed, where and how. Ideally, these areas of interest to 
chemical evolution could be probed with prebiotically plausible 
molecules—such as the examples of oligonucleotide and 
peptide replicators described thus far. Nevertheless, as we are 
only beginning to unravel the nature of the chemistry that 
played a role in the transition from a non-living world to a 
living one, attempting to investigate the key processes in the 
chemical evolution with molecules that are relevant 
prebiotically brings together two levels of difficulty, which 
could be perhaps understood more easily in isolation. It can be 
instructive, therefore, to move beyond the restrictions and 
challenges imposed by studying molecules with a specific 
relevance to current biology—focusing instead on the study of 
the complex phenomena and reaction processes that are 
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relevant to the behaviour of complex mixtures in the prebiotic 
context. In particular, the fundamental study of replication 
processes is a key component in unravelling this problem. 
While taking inspiration from the complexity of natural 
systems, synthetic systems that are based on small molecules 
strive to exploit structural and interactional simplicity in 

network components, achieving synthetic systems with well-
defined chemistries and interactions—ones that can be analysed 
and characterised experimentally. The next section provides an 
overview of minimal replicators constructed from small organic 
molecules. 

 

 
Fig. 8 a Rebek’s self-replicating system, in which components 2 and 3 react to form template 1. The reaction can also proceed through a 
[2•3] binary complex, affording product cis-1, which can isomerise to give the more stable template trans-1. b Five pathways identified by 
Reinhoudt and co-workers for Rebek’s self-replicating system shown in a. Recognition-mediated complex formation is denoted by square 
brackets and reaction between components by +. c A Diels-Alder reaction based replicator reported by Wang and Sutherland. Reaction 
between maleimide 4 and diene 5 produces template 6, capable of templating its own formation via the ternary catalytic complex [4•5•6], 
mediated by hydrogen-bonding recognition. d A Diels-Alder replicating system inspired by the Wang and Sutherland replicator reported by 
von Kiedrowski and co-workers. The reaction components, maleimide 7 and diene 8 assemble with the template 9 in a ternary catalytically 
active complex [7•8•9] via hydrogen-bonding mediated recognition. e Replicator design exploiting the reaction between maleimide 7a and 
nitrone 10. The reaction of these components produces two diastereoisomeric products trans and cis but the trans diastereoisomer of 
template 11 only is capable of templating its own formation via [7a·10·11] complex. f Reaction between nitrone 13 and maleimide 12 
produces a highly diastereoselective self-replicator trans-14 (green circles in the concentration vs. time profile) capable of amplifying itself at 
the expense of the cis cycloadduct (ratio of [trans]/[cis] > 125). The rate profiles for trans-14 and cis-14 are shown in black circles and white 
squares, respectively.  

 
The Rebek laboratory described46 the first example of a 

small molecule-based self-replicator in 1990. This system 
(Fig. 8a) exploited the Et3N-catalysed formation of an amide 
bond as the strategy for the formation of template 1 from an 
adenine derivative 2 and an imide of Kemp’s triacid47 3. 
Rebek’s design, however, did not exhibit a sigmoidal reaction 
profile—a finding that was attributed to the binary reactive 

complex pathway, mediated by [2•3], being more efficient than 
the pathway mediated by the ternary complex [2•3•1]. Reaction 
within [2•3] produced template cis-1, which could isomerise to 
give template trans-1. Rebek and co-workers demonstrated that 
the formation of template 1 is recognition-mediated, observing 
a drop in the reaction rate when 3 was reacted with a 
recognition-disabled, N-methylated version of 2, or in the 
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presence of a competitive inhibitor (2,6-bis(acylamino) 
pyridine). In 1994, Menger and co-workers published48 a study 
demonstrating that the formation of 1 is catalysed by the 
addition of simple amides, thus raising doubts as to the self-
replicating nature of Rebek’s system. Following a lengthy 
debate, finally the Reinhoudt laboratory provided49 evidence in 
1996 that resolved the argument between Rebek and Menger. 
Through a full kinetic analysis of the system, the authors were 
able to identify five different pathways (Fig. 8b) that 
contributed to the formation of 1. The full kinetic analysis 
revealed that the performances of the various reaction pathways 
are, in fact, strongly dependent on the reaction concentration 
employed. Specifically, higher concentrations increase the 
contribution of the bimolecular pathway (I) at the expense of 
pathway II mediated by the binary complex [2•3]. At such 
concentrations, the replication facilitated by the ternary 
complex [2•3•1] (III) contributes 46% at most, and only if 
preformed template is added at the beginning of the reaction. 
The analysis also revealed that the contribution of pathway IV 
was more significant at higher concentrations (i.e. amide 
catalysis implicated by Menger and co-workers needs to be 
considered in higher concentration regimes), whereas pathway 
V was found to be relatively insignificant. Ultimately, the 
formation of 1 was found to proceed primarily through pathway 
II. Even before these results were reported, the Rebek 
laboratory re-engineered50 their system by changing the 
naphthyl spacer to a biphenyl linker, thereby increasing the 
efficiency of replication considerably. The adenine-based 
replicating systems46,50,51 were complemented by reports52 of 
thymine-derivative incorporating replicators, as well as mixed 
systems by Rebek and co-workers. 

In 1997, Wang and Sutherland reported53 the design and 
experimental implementation (Fig. 8c) of a self-replicating 
system based on the Diels-Alder reaction between a maleimide 
4, acting as the 2π component, and cyclohexadiene 5, acting as 
the 4π component. The reaction of these components in CD2Cl2 
to form template 6 exhibited a sigmoidal reaction profile. Self-
replication within this system was confirmed by examining the 
reaction in the absence and in the presence of preformed 
template 6. While the authors undertook analysis of the kinetic 
and thermodynamic processes governing the system, no 
discussion of the stereochemical features of the self-replicator 
was provided. Specifically, both diene 5 and template 6 are 
chiral, and the reaction of 4 with 5 can result in four different 
diastereoisomers (two endo and two exo). The authors assigned 
the product observed experimentally as endo-6, despite 
providing no analytical evidence to support this assignment. 

The possibility of homochiral and heterochiral self-
replication presented53 by the Wang and Sutherland replicator 
inspired von Kiedrowski and co-workers to undertake54 a 
significantly more detailed mechanistic and stereochemical 
study on similar replicating system. The authors replaced the 
heterocyclic recognition sites on the original reaction 
components with an amidopyridine and a carboxylic acid (Fig. 
8d), first reported55 by Hamilton, to give maleimide 7 and diene 
8. Initially, the authors examined the reaction between rac-8 
and 7a, as well as its methyl-substituted variant 7b. The 

reaction profiles for the formation of rac-9a and rac-9b 
products exhibited a lag period, which shortened dramatically 
in the presence of the corresponding preformed racemic 
template. Through kinetic fitting of the experimental NMR 
data, the authors were able to establish that their replicator 
design retained its replication efficiency, which was similar to 
that reported by Wang and Sutherland. Through comprehensive 
computational analyses, the authors were able to rationalise the 
near exponential growth by the conformational constraints 
present in the product duplexes. Subsequently, the authors 
examined the homo- and heterochiral reaction pathways, 
namely the reactions of each enantiomer of the diene, i.e. R-8 
and S-8, with maleimide 7a in the absence of instructional 
template, followed by analysis in the presence of enantiopure 
template R-9a. The kinetic results revealed that the enantiopure 
template R-9a exerts a similar catalytic effect on both 
pathways—reactions of 7a with R-8 and 7a with S-8, thus 
confirming that both homo- and heterochiral catalytic pathways 
are effective in the system. In later work, von Kiedrowski and 
co-workers examined56 a replicating system based on a fulvene 
framework. By investigating the catalytic relationships between 
the four products (two endo and two exo), the authors were able 
to demonstrate the strong sensitivity of the system to small 
changes in the disposition of recognition elements.  

The Diels-Alder reaction has also been exploited57 as the 
ligation step in recognition-mediated reactions and replicating 
systems by the Philp laboratory. In this work, Philp and co-
workers utilised the Diels-Alder reaction in the design of two 
structurally similar furan- and maleimide-based families of 
replicators as platforms for investigating the effect of structural 
variation on the efficiency of replication and other recognition-
mediated channels in each system. Comprehensive kinetic 
analyses57b,57c of the various reactions showed that a system 
with a high degree of conformational freedom is more likely to 
react through the binary complex pathway preferentially. As a 
consequence, the development of a highly efficient self-
replicating system typically necessitates a certain degree of 
rigidity as well as a suitable disposition of recognition sites in 
space—a requirement for the formation of catalytically active 
ternary complexes. 

In addition to replicating systems that exploit the Diels-
Alder reaction, Philp and co-workers have pioneered the use of 
1,3-dipolar cycloaddition reactions as the ligation step in the 
construction of a number of minimal replicating systems. 
Following their initial work, which exploited58 the reaction 
between a maleimide as the dipolarophile and an azide as the 
1,3-dipole, Philp and co-workers have developed59,60 replicating 
systems employing a nitrone as the 1,3-dipole. The reaction of a 
nitrone with a maleimide results in the formation of two 
diastereoisomeric products—normally given the descriptors§ 
trans and cis. These two cycloadducts possess significantly 
different geometries and the replicating systems employing this 
1,3-dipolar cycloaddition reaction therefore provide an 
excellent platform for investigating the transfer of 
stereochemical information. 

In 2001, Philp and co-workers reported59 the 1,3-dipolar 
cycloaddition reaction of maleimide 7a with nitrone 10 (Fig. 
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8e). Molecular recognition in the system was provided by the 
association of a carboxylic acid moiety with the 6-methyl 
amidopyridine group. In this system, the trans diastereoisomer 
of the template 11 possesses the conformation necessary for 
successful docking of the two building blocks 7a and 10 to 
form the appropriate ternary catalytic complex [7a•10•trans-
11], required to drive the self-replication cycle. Initially, the 
authors examined the reaction of nitrone 10 with the 
recognition-disabled methyl ester of maleimide 7a. In the 
absence of recognition, this reaction afforded the corresponding 
recognition-disabled analogues of trans-11 and cis-11 
cycloadducts in a ratio of 4:1. By contrast, the reaction between 
nitrone 10 and maleimide 7a, where recognition is active, 
proceeded much more efficiently, exhibiting a sigmoidal 
reaction profile, and the ratio of the two diastereoisomeric 
products (trans and cis) was now ~6:1. When this reaction was 
repeated in the presence of preformed trans-11, the lag period 
observed previously disappeared and the diastereoselectivity for 
the trans product increased to 9:1. However, addition of cis-11 
had no effect on the reaction. Through these kinetic 
experiments, the authors confirmed that the self-replicating 
template, trans-11, is capable of transmitting structural 
information successfully via the ternary complex pathway. 
While this nitrone-based self-replicating design performed 
efficiently, only modest increases in both the reaction rate and 
the diastereoisomeric ratio was achieved.  

Exploiting the information available from the structure–
reactivity studies57b,57c and computational modelling, Philp and 
Kassianidis designed60 a structurally optimised replicator, 
incorporating modifications in the design of both the nitrone 
and the maleimide elements, intended to disfavour the 
reactivity via the binary complex pathway. This re-engineered 
replicator (Fig. 8f) was formed by the reaction of a more 
extended phenylacetic acid maleimide 12 with nitrone 13. 
These structural changes facilitated the formation of a 
significantly more stereoselective replicator trans-14 
([trans]/[cis] = 115), even in the absence of preformed 
template. The system could be further biased towards the 
formation of the trans diastereoisomer by the addition of 
preformed template of trans-14 or by reduction of the reaction 
concentration. 

The numerous examples of minimal self-replicating 
templates based on oligonucleotides, peptides, and small 
molecules described in this section demonstrate unmistakably 
that self-replication is not limited to complex biological 
systems as we know them today. These examples, whilst 
minimal in their operation and design, represent a key step in 
the understanding and examination of replication processes 
under more complex scenarios and environments, which will be 
examined next.  

 
 

Fig. 9  Multicyclic replicating network composed of four trinucleotides: Ap (CCG), nB (CGG), nA (CCG) and Bp (CGG). The components 
can react to form two self-replicating templates (ApnB and BpnA) and two reciprocally replicating templates (ApnA and BpnB). The letters n 
and p correspond to the presence of a free amine group at the 5’ end and free phosphate group at the 3’ end, respectively. MTM = 
methylthiomethyl ester; ClPh = o-chlorophenyl.  
 

Networks	of	synthetic	replicators	

Building on the design of their minimal replicating system, the 
von Kiedrowski laboratory has extended61 their minimal 
oligonucleotide-based replicators20,62 into a multicyclic system 
(Fig. 9), capable of both autocatalysis and crosscatalysis. The 
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network was composed of four DNA-based trinucleotides: Ap 
(CCG), nB (CGG), nA (CCG) and Bp (CGG). Trinucleotides 
Ap and Bp were equipped with a reactive electrophilic 
phosphate group (denoted with p) at the 3’ end, while the 5’ 
prime ends of these two components were protected as an azide 
and methylthiomethyl ester, respectively, in order to prevent 
any self-condensation reactions from occurring. Trinucleotides 
nB and nA incorporated a free nucleophilic amine (marked as 
n) at the 5’ end. In the cases of Ap and Bp, their 3’ phosphates 
were protected using an o-chlorophenyl group in each case in 
order to prevent any unwanted ligation reactions. When these 
compounds were allowed to react together, they could form 
four templates. Specifically, the condensation of Ap and nB 
results in the formation of a self-complementary autocatalytic 
template ApnB (CCGCGG). Similarly, the reaction of nA with 
Bp affords another self-replicating template BpnA (GGCCG). 
The hexanucleotide templates, produced by the reaction of Ap 
with nA (CCGCCG) and Bp with nB (GGCGGC) are capable 
of reciprocal replication only. 
 In this multicyclic system, formation of template molecules 
from the individual components assembled in ternary 
complexes proceeded by an attack of the 5’ amine on the 3’ 
phosphate, at a comparable rate for all templates. Recognition 
in all four ternary complexes was mediated by Watson-Crick 
base pairing, and as a result of the similarities in the strength of 
recognition, the concentration reactions leading to the four 
templates proceeded with similar efficiencies in the absence of 
instruction. Subsequently, the formation of the native templates 
was examined in the presence of preformed templates, which 
incorporated a phosphodiester bond (n) instead of the 
phosphoramidate linkage (np) found in the templates formed 
through the reaction of building blocks Ap, nB, nA and Bp. 
These experiments revealed, that in each case, the addition of 
preformed template resulted in an increase in the concentration 
of the corresponding complementary strand possessing the 
native np linkage (e.g. addition of AnB would result in the 
amplification of self-replicator ApnB, whereas the addition of 
ApA would enhance the formation of reciprocal replicator 
BpnB). Interestingly, in each of these instructed experiments, 
small but noticeable up-regulation of the corresponding partner 
replicator (e.g. BpnA to ApnB) was also observed. The fact 
that instructing the network with one template resulted in 
increased concentration of another replicator (self- or reciprocal 
replicator) can be viewed as a system-level property, which 
stems from the interactions in the system. 

Kim and Joyce have, likewise, expanded63 the minimal R3C 
ligase self-replicating system into a network (Fig. 10) operating 
through reciprocal mechanism, where two ribozymes, E and E’, 
template the formation of each other from the corresponding 
subunits: A, B, A’ and B’. While the ribozymes contain 
complementary recognition and catalytic elements, their 
sequences are not identical. The loss of self-complementarity 
prevents the association of the substrate subunits, which 
hindered replication in the original self-replicating system 
described earlier. In this system, therefore, the ribozymes 
catalyse their syntheses via the assembly of the appropriate 

reaction components in ternary catalytically active complexes 
[A’•B’•E] and [A•B•E’]. 

 

 
 

Fig. 10  Crosscatalytic replication network comprised of two R3C 
ligase ribozymes. Ribozyme E’ (blue) is created from components A’ 
and B’, and catalysed the reaction between A and B to give E (red). 
Similarly, product E mediates the formation of E’ from A’ and B’. 
These reciprocal pathways are mediated by the formation of the 
catalytically active ternary complexes [A•B•E’] and [A’•B’•E]. 

 
Kinetic analyses of the individual crosscatalytic pathways 

demonstrated that both templates catalyse the formation of the 
reciprocal replicator as expected. Interestingly, the results also 
confirmed the formation of two chimeric products, where 
reaction of A’ and B was catalysed on E’, and ligation of A and 
B’ on E, which suggests a certain degree of tolerance of the 
ribozyme design to the presence of mismatches. The reactions 
leading to the two chimeric products, which could potentially 
self-replicate, were, however, found to be considerably slower 
than the two target reciprocal pathways.  

Analysis of the reciprocal system as a whole (all four 
components) revealed that in the absence of added template E 
or E’, the chimeric product formed by the reaction of A’ and B 
dominates the product pool. Nevertheless, in the presence of 
preformed template of E or E’, the formation of the 
corresponding target crosscatalytic product was confirmed. In 
each case, the addition of preformed template resulted also in 
increased formation of the ribozyme employed as instruction. 

Subsequently, this work was extended further by Lincoln 
and Joyce, who utilised64 in vitro evolution to create an 
optimised crosscatalytic pair E and E’, capable of exponential 
amplification. The authors demonstrated that efficient 
replication could be sustained indefinitely when a small portion 
(4%) of the reaction mixture was transferred after 5 h into a 
fresh batch of reactants. By introducing mutations into the 
structures of the ribozyme pair, the authors created 12 pairs of 
reciprocal ribozymes, E1–E1’ to E12–E12’ (each pair was 
constructed from four substrates, e.g. E12–E12’ from A12, 
A’12, B12 and B’12; 48 substrates overall). Out of these pairs, 
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pair E1–E1’ exhibited the highest efficiency of replication—
20-fold amplification in just 5 h. Lincoln and Joyce performed 
a serial transfer experiment, starting from with all 12 pairs of 
enzymes (each at 0.1 µM) and all 48 substrates (5 µM each). 
This mixture could produce 132 possible pairs of recombinant 
enzymes and 12 non-recombinant pairs (e.g. E3 with E3’). 
Over 100 h, the authors performed 20 successive transfers (5% 
of reaction mixture in each case), which should exert a 
selection pressure on the system, allowing progressive 
elimination of reaction members that replicate inefficiently. 
Analysis of the 100 clones obtained from the final reaction 
mixture revealed that seven of them were non-recombinant 
pairs, and the most abundant products were the recombinant 
templates formed by the reaction of A5 with B2, A5 with B3 
and A5 with B4 (and the corresponding partner in each case). 
Subsequently, the Joyce laboratory has reported65 a 
comprehensive analysis of the kinetic properties of the E and 
E’ ribozymes and utilised66 it to improve the design of the self-
replicating ribozyme. Joyce and co-workers have also applied 
their expertise to the design and implementation67 of ligand-
dependent RNA enzyme replicators (aptazymes) and replicators 
based on L-RNA. 
 Both the Ghadiri and Chmielewski laboratories have been 
extremely successful in developing and incorporating their 
individual self-replicating peptides into more complex networks 
where multiple catalytic pathways operate simultaneously. 
Chmielewski and co-workers have combined68 the two self-

replicating peptides that can be modulated through 
environmental conditions, E1E231 (pH) and K1K232 (ionic 
strength), in to a single system where both auto- and 
crosscatalytic processes can operate. The expanded peptide 
network was assembled from four shorter peptide fragments, 
E1, E2, K1 and K2, which permitted formation of the 
native31,32 peptide templates, E1E2 and K1K2, and two 
recombinant proteins, E1K2 and K1E2. These mixed templates 
are capable of self-associating via anti-parallel coiled-coils and 
capable of associating with each other via formation of parallel 
coiled-coils. Addition of individual peptide templates to the 
reaction mixture consisting of the four fragments, at pH 7.5, 
allowed the authors to identify several unexpected, 
crosscatalytic pathways. Under neutral conditions, E1K2 
template is produced most rapidly. Despite the preference of the 
system for the production of E1K2, the authors were able to 
amplify E1E2 selectively by lowering the pH of the reaction 
mixture to 4. Similarly, by undertaking the reaction under high 
salt conditions at neutral pH, the authors were able to direct the 
system towards enhanced production of K1K2. Using this 
framework, the authors demonstrated successfully that 
production of a particular peptide replicator can be amplified 
selectively from a mixture of reactive components by careful 
modulation of the reaction environment, such as the pH and salt 
concentration, providing support for the potential role of 
proteins in the origin of life. 
 

 

 
Fig. 11  a Schematic representation of an error-correcting, autocratic peptide network. A mixture of peptide fragments E and N, and their 
single-alanine mutants, E9A and N26A, (simulating spontaneous generation of errors) results in a wild type template T (grey cylinder) and single 
mutation containing templates T9A (red cylinder) and T26A (blue cylinder). The self-organised network amplifies the template T selectively by 
subjugation of the mutant templates for the production of T. The double mutant T9A/26A is not shown as it was determined to be catalytically 
inactive. b Schematic representation of stereospecific peptide replicators. The electrophilic fragments, EL and ED, and nucleophilic fragments, 
NL and ND, combine to form four templates. The homochiral templates TLL and TDD are capable of autocatalysis, while the heterochiral 
templates are formed through uncatalysed bimolecular reactions only. Black and orange cylinders represent peptide regions comprised of D- 
and L-amino acids, respectively. 
 
 Following the extension of their initial replicator design27,30 
into a symbiotic peptide network where two replicators co-
existed69 in a mutually symbiotic relationship, Ghadiri and co-
workers designed70 a dynamic peptide network capable of 
error-correction (Fig. 11a). Selective amplification of a single 
peptide sequence within this simultaneously auto- and 
crosscatalytic system was achieved by subjugation of the 
mutant peptides for the synthesis of the wild type peptide, T 
(Fig. 11a, grey). Slow spontaneous generation of 

errors/mutants, as observed in biological systems, was 
simulated by production of closely related mutant peptides 
through bimolecular reaction of smaller fragments 
incorporating mutations. In addition to the native electrophilic 
and nucleophilic fragments, E and N (Fig. 11a, grey), the 
network included their single alanine mutants, E9A (Fig. 11a, 
red) and N2A (Fig. 11a, blue). Reaction of these fragments 
affords four different peptide templates, the native T, T9A and 
T26A with a single mutated residue and double mutant T9A/26A. 
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At neutral pH, the reaction system exhibits a strong preference 
for the formation of mutation-free T. The double mutant T9A/26A

 

was shown to be completely inactive catalytically, whereas the 
two templates incorporating a single “error” displayed some 
crosscatalytic activity only and this activity was directed 
towards enhanced formation of native replicator T. The 
template T, however, was found to be a selfish autocatalyst, 
incapable of acting as a crosscatalytic platform for the 
formation of the mutated templates. Therefore, the autocatalytic 
cycle producing T works in concert with the two crosscatalytic 
pathways to achieve selective production of error-free T. 
Within this peptide network, the authors have demonstrated an 
example of a system exhibiting two complex phenomena 
simultaneously, namely error-correction and sequence-specific 
replication, with potential significance in stabilisation of the 
genotype of self-replicating molecules. 
 The biological world is overwhelmingly a homochiral 
reaction space, and yet, the origins71 of this homochirality have 
yet to be established and are a source of significant on-going 
debate. In order to explore the possible role of peptide 
replicators in this process, Ghadiri and co-workers have 
designed72 a network of stereospecific replicating peptides (Fig. 
11b). The extension of their original peptide replicator T to a 
system composed of two enantiomeric electrophilic fragments, 
EL and ED, and two enantiomeric nucleophilic components NL 
and ND provided a platform for these investigations. Reactions 
of fragments with the same stereochemistry afford homochiral 
templates TLL (Fig. 11b, orange) and TDD (Fig. 11b, black), 
whereas reaction of mixed fragments creates heterochiral 
templates TLD and TDL. Analyses of the individual pathways 
leading to the two homochiral and two heterochiral products 
revealed that although TLL and TDD are formed from their 
constituent components efficiently, the heterochiral peptide 
templates, TLD and TDL, are only formed through template-
independent pathways. The authors propose that this lack of 
template-mediated activity in the heterochiral products stems 
from the diminished ability of these two templates to form 
coiled-coil helical assemblies. Detailed kinetic analyses and 
template-instructed experiments revealed that TLL is capable of 
stereospecific self-replication, as addition of homochiral TDD or 
the heterochiral templates exerted no influence on its formation. 
The ability of the homochiral template TDD, formed from 
unnatural D-amino acids only, to self-replicate was not 
discussed in the study. The authors also found that the 
formation of the heterochiral product TLD from its fragments 
proceeds at the same rate in the presence of instructing template 
(all four templates were examined) as it does its absence. The 
stereoselective system exhibited strong sensitivity to changes in 
even a single amino acid residue, which permitted the 
amplification of a single homochiral template, once produced. 

In particular, while TLL peptides containing a single mutation 
showed little autocatalytic aptitude, they were able to accelerate 
the formation of the homochiral TLL strongly through 
crosscatalytic pathways. In this study, the authors 
demonstrated, for the first time, the feasibility of stereospecific 
replication. Taken into consideration the viability of 
stereospecific replication together with the diminished ability of 
chiral peptides incorporating mutations in their primary 
sequence to self-replicate, these results suggest that a 
replicating peptide biopolymer might have played73 a role in the 
origin of biological homochirality.  

 The design of peptide replicators continued to evolve, 
exploring larger and more interconnected systems. In 2004, 
Ghadiri and co-workers described74 a bottom-up approach to 
designing a peptide network composed of 81 structurally 
similar 32-residue coiled-coil peptides. Analysis of the 
numerous peptides relied initially on prediction methods in 
order to estimate the relative stability of all substrate-template 
complexes available to the system. The authors analysed the 
stability of each complex in order to predict the auto- (Fig. 12, 
red arrows) and crosscatalytic pathways (Fig. 12, black 
arrows), as well as the overall network topology (Fig. 12). The 
design principles employed were tested experimentally on a 
smaller, 9-node subsystem (Fig. 12, dark grey) within the 
network, which showed a good agreement with the predictions 
made using graph analysis. Ghadiri and co-workers also 
demonstrated that the efficiency of certain network pathways 
can be selectively modulated by employing various chemical 
triggers, i.e. different instructing templates. The smaller 9-
peptide system was built from a single nucleophilic component 
N and nine different electrophilic peptide fragments, E1 to E9. 
The authors exploited substitutions at four key electrophilic 
residues, located at positions e and g within the peptide 
sequence (Fig. 12, represented by the four-letter code), in order 
to design peptides with varied ability to form aggregates, and, 
thus, also different catalytic efficiencies. Theoretical analysis 
predicted that twenty crosscatalytic pathways and three 
autocatalytic pathways are plausible in this network. 
Experimental analysis of a mixture containing all of the 
electrophilic fragments with a sub-stoichiometric amount of N 
revealed that all nine possible products are formed, with T1, T2, 
T4, T7 and T8 reaching the highest concentrations. Undertaking 
comprehensive kinetic analyses of the individual reaction 
pathways as well as the network as a whole demonstrated that 
the rate of formation of the templates examined was noticeably 
different in isolation relative to their rates when the full 
network was examined. These differences highlight the 
potential of system-level properties manifesting themselves in 
networks of interconnected components that are not observed 
when the components are examined in isolation. 
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Fig. 12  Graph representation of a directed self-organised peptide network established from an array of 81 structurally similar coiled-coil 
sequences (32 residues each) in silico. The network is comprised of 25 nodes (molecular species) and joined by 53 edges (arrows), 
representing auto- (red circular arrows) and crosscatalytic (black arrows, where the arrow direction indicates catalytic relationship) processes. 
Sub-network of nine nodes, T1 to T9, highlighted in dark grey, was investigated experimentally, showing a good agreement with the predicted 
results. The four letters within each node (template) represent the identity of the amino acids within the peptide sequence at residues 8, 13, 15 
and 20 (positions e and g). 
 

Ghadiri and Ashkenasy examined75 a sub-network of this 
smaller 9-node system (dark grey, Fig. 12), demonstrating its 
capacity to perform basic Boolean logic functions, such as OR 
and NOR (neither X nor Y), when instructed with chemical 
inputs (preformed templates)—control operations not unlike 
those observed76 in complex biological systems. The system 
(Fig. 13) is comprised from five nodes (peptide templates T1, 
T3, T4, T5 and T7) that are interconnected through 15 edges, 
representing both auto- and crosscatalytic pathways. As an 

example, the NOR logic operation (highlighted in red, Fig. 13) 
is expressed by the autocatalytic formation of T3. In this 
Boolean function, template T3 is formed efficiently only in the 
absence of both the E5 and E7 fragments. If either of these 
fragments is present, however, formation of T3 is diminished as 
any quantity of this template that is produced is utilised 
primarily as a crosscatalytic template for the formation of T5 
and/or T7. 

 

 
 

Fig. 13  A directed, weighted peptide network capable of performing logic operations. Five peptide templates are interconnected through 
15 auto- and crosscatalytic pathways. The sub-network (red) of three templates, T3, T5 and T7 expresses NOR logic operation, where self-
replication of T3 proceeds efficiently only in the absence of both electrophilic fragments E5 and E7.  

	
Networks based on auto- and crosscatalytic templates 

constructed from small synthetic molecules have also continued 
to advance in complexity. Both the Rebek51a,51c,52c and Philp77,78 
laboratories have exploited their replicators for the fabrication 
of interconnected networks incorporating more than a single 
replicator. For example, Philp and co-workers have 
combined57a,77 a 3-furan based replicator57c system with the 
efficient self-replicating system shown60 in Fig. 8f to construct 
a network comprised of four building blocks: 12, 13, 15 and 16 

(Fig. 14). Reaction of these components affords three 
established independent self-replicators trans-14, endo-17 and 
exo-17. Alternatively, combination of the reaction components 
can also produce two mutually complementary templates, 
trans-18 and exo-19, capable of taking part in reciprocal 
replication. Examination of the reaction of all four components 
revealed that the system makes trans-14 preferentially 
(accounting for over 70% of the product pool). 
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Fig. 14  a A multicyclic replication network built from two maleimides, 12 and 15, nitrone 13 and a furan 16. Reaction of these 
components produces three minimal self-replicating systems trans-14, endo-17 and exo-17 and two reciprocal products, trans-18 and exo-
19. Strong preference of the system for the formation of trans-14 imposed a limit on the instructability of the system with preformed 
templates. Cycloadducts exhibiting no recognition-mediated activity are omitted for clarity.  

 
Initially, the authors envisaged that the network could be 

directed towards increased production of a specific product by 
addition of preformed templates. However, the strong bias of 
the system for trans-14 as a result of the uneven replication 
efficiencies resulted in a network that is, in fact, somewhat 
insensitive to the effects of instructional templates. Using 
kinetic simulations, the authors investigated77 a number of 
conditions, varying the catalytic efficiencies for the auto- and 
crosscatalytic replicators, as well as the amount of preformed 
template used as input. Interestingly, the simulations 
demonstrated that the reciprocal replicators are more responsive 
to instruction, when compared to the autocatalytic templates—
most likely as a result of the mutually reinforcing nature of the 
reciprocal replication processes. 

Recently, we reported78 a network where the outcome of 
competition between two small-molecule replicators is 
determined by a unidirectional crosscatalytic relationship. The 
two replicators described in this work (Figure 16a), referred to 
as Tp (a variation of replicator trans-14 shown in Fig. 8f) and 
Tm, are formed by 1,3-dipolar cycloaddition reactions of 
nitrone N, equipped with a 6-methylamidopyridne site, with 
two maleimides that differ in the location of their carboxylic 
acid site relative to the maleimide ring—para for maleimide 
Mp and meta for maleimide Mm. The authors perform a 
comprehensive set of kinetic experiments, demonstrating that, 
in isolation, Tp is considerably more efficient at templating its 
own formation Tm—and outcome that is attributed to the higher 
efficiency of the pseudounimolecular reaction within the 
corresponding ternary complex and lower homoduplex 
association constant of Tp in comparison to Tm. Interestingly, 
when replicators Tp and Tm are examined in a scenario where 
they have to compete for a limited quantity of the shared 
building block N (Figure 16b), replicator Tm outcompetes Tp. 
Using a combination of kinetic analysis, fitting, simulations, 
and modelling, the authors have traced this system-level 
outcome to the critical crosscatalytic pathway that operates in 

this network, which allows Tm to exploit Tp as a template for its 
formation but not vice versa. As a result of the small 
differences in the recognition sites present in the two templates, 
the template duplex formed by replicator Tm is stronger than 
that formed by Tp, thus allowing Tm to sequester Tp in a 
heteroduplex [Tp•Tm] that is more stable than the [Tp•Tp] 
homoduplex. Attempts to instruct the network of two 
replicators to make one replicator with increased preference 
revealed that the initial imbalance between Tp and Tm achieved 
by the addition of preformed template is eroded over time 
(Figure 16b) as a result of the reaction environment 
employed—i.e. well-stirred batch reactor (WSBR) format. This 
decrease in replicator ratio over time is directly related to the 
progressive exhaustion of building blocks, which limits the 
efficiency of the replication processes operating in the system. 
Importantly, this work highlights that the outcome of 
competition in a network of replicators depends not only on the 
catalytic relationships inherent to the system but also on the 
reaction environment in which it is examined. 
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Fig. 15  a Cartoon and structural representation of a network of 
two replicators, Tp and Tm, created by 1,3-dipolar cycloaddition 
reactions of nitrone N with maleimides Mp and Mm (red/blue 
recognition sites on the maleimides are complementary with the 
recognition site on nitrone, shown in purple). b Effect of adding 
preformed template (added at t = 0) on the ratio of [Tm]/[Tp] 
determined after 4 h (black circles) and 16 h (white circles). 
Concentrations were determined using 470.3 MHz 19F{1H} NMR 
spectroscopy ([Mp] = [Mm] = [N] = 5 mM, if present, [template] = 1 
mM, CDCl3, 5 °C). Figure adapted with permission from Ref. 78. 
Copyright, 2017 American Chemical Society. 

 
Aided by computational methods and kinetic simulations, 

the investigations of self-replicating systems have progressed 
dramatically over the last 30 years, from the first examples of 
minimal, often inefficient, replicating systems to significantly 
more varied and interconnected networks that explore the 
interplay between various recognition and reaction processes 
taking place in parallel. The experimental implementations of 
self- and reciprocal replicating systems complement the 
theoretical models, leading to a better understanding of the 
principles governing the reactivity and information transfer in 
synthetic replicating systems. The interconnectedness of the 
components in these systems endows them with the capacity to 
respond to stimuli, allowing complex function to emerge. In 
particular, in addition to expressing the capacity for replication, 
the resulting chemical systems can also express other 
functionalities such as Boolean logic operations,36,75,79 error-
correction,70 stereospecific72 replication and the replication80 of 
mechanically-interlocked molecules. Understanding the 
system-level behaviour in interconnected networks and, thus, 
the possibility of harnessing these complex replicating systems 
in the construction, selection and amplification of higher order 
assemblies, necessitates the understanding of the kinetic and 
thermodynamic forces driving the recognition and reaction 
processes between the individual components in each system. 

Replication	phenomena	under	dynamic	
conditions	
Although Nature presents scientists with an abundance of 
complex systems, their study is often hampered by the sheer 
number of elements that comprise these systems and the high 
density of the connections between the system components. 
Additionally, there are significant challenges associated with 
their analysis. Yet, despite these challenges, the desire to 
understand and study the emergence and function of complex 
systems is strong. In the past 20 years, dynamic covalent 
chemistry3,81 (DCC) has emerged as an efficient and direct 
protocol for the construction of chemical networks comprised 
of interconnected components from simple building blocks. 
This approach is driven by reversible reactions between a set of 
components that can create a virtual library of products 
resulting from all permutations of the structural and recognition 
features present within the building blocks used to form the 
library. This library, when exposed to a target, should result in 
the selection or amplification82 of a specific product in 
possession of features, inherited from its constituent building 
blocks, that permit the most optimal interactions with the target.  
 DCC exploits the reversible covalent bond formation 
between various building blocks equipped with compatible 
reactive sites. The benefit afforded by the robustness of 
reversible bond formation coupled with the general 
combinatorial approach permits the formation of structurally 
diverse dynamic covalent libraries (DCLs) of exchanging 
components whose composition are generally under 
thermodynamic control. The equilibrium distribution of such 
libraries can be examined to reveal the most thermodynamically 
stable distribution of products in the absence of any binding 
partners (i.e. target). As a result of the reversible bond 
formation inherent in the DCC approach, the dynamic systems 
created possess inherent capacity for error checking and error 
correction. 
 Dynamic covalent libraries can be instructed by the addition 
of an external stimulus (target), capable of directing the library 
away from its original thermodynamic distribution towards a 
new composition. This new distribution of material within the 
library reflects the new, most thermodynamically stable state of 
the entire system and is a function of the specific interaction 
between the target and the library members. Ideally, the 
compounds that are detected in the library at higher 
concentrations after addition of a target are those capable of 
engaging in stronger recognition with the added template. In 
this manner, DCC offers an efficient approach to screening a 
large number of virtual components (all potential combinations 
that can be synthesised in situ from the library building blocks) 
and discovering those components that interact with the 
stimulus the most strongly. In practice, the strength of binding 
can be determined by comparing the concentrations of library 
members in the absence of instruction, relative to their 
concentrations observed when the library is permitted to evolve 
in the presence of an instructing stimulus. 

When it comes to replicators and networks of replicators, 
the reaction environment is, in fact, a parameter that is only 
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beginning to be explored in systems chemistry, and the majority 
of replicating systems, as illustrated by the examples presented 
thus far, have been examined under the well-established, closed 
system conditions (i.e. WSBR conditions). In this respect, the 
DCC approach presents an extremely useful tool for the 
construction of complex networks with an added component of 
a dynamically-exchanging pool of components—a reaction 
environment for the study of chemical networks that is one step 
closer to the dynamic, often heterogeneous environment typical 
for biological networks that achieve their function from 
mixtures of precursors. Therefore, the examination of template-
mediated processes under dynamic conditions has the potential 
to further our understanding of the requirements that could have 
allowed a replicator to exploit a mixture of components for its 
own synthesis during the processes of chemical evolution. 

Building on the significant progress in the coupling83 of 
kinetically driven irreversible reaction processes to dynamic 
covalent systems, attempts at integrating replication processes 
with the DCC approach have started7a,81d,84 to appear in the last 
10 years, and these will be summarised in this section. 
 Ashkenasy and co-workers have extended85 the light-
induced replication protocol described36 in Fig. 6 to a dynamic 
peptide system replicating reversibly under thermo-dynamic 
control (Fig. 16). The adapted system permits reversible 
formation of two peptide products, R1 and R2, from 
electrophilic fragments E1 (Fig. 16a, green), E2 (Fig. 16a, 
purple) and a shared nucleophilic peptide building block N 
(Fig. 16a, grey). The replication in this dynamic network was 
made reversible by the substitution of the reactive cysteine 
residue employed previously, with a thioglycolic acid at the N-
terminus of the nucleophilic fragment N. Ligation reaction 
between the smaller peptide fragments produced a thioester 
bond at a central position in each peptide template, allowing for 
reversible trans-thioesterification. Peptide templates R1 (green) 
and R2 (purple) differ only in the nature of the electrophilic 
fragment, where R1 contains a glutamate residue and R2 
incorporates a lysine residue at position e (13) within the heptad 
repeat, directly opposite a lysine residue at position g. As a 
consequence of repulsive electrostatic interactions between 
lysine residues, R2 is not capable of forming the stable 
catalytically active intermediates required for efficient self-
replication. In the absence of external triggering, therefore, R1 
only is capable of replication through the dimeric template-
mediated thioesterification. 
 In the absence of template, reaction of E1 with N displayed 
a sigmoidal reaction profile. As expected for a self-replicating 
system, the rate of template formation was found to correlate 
with the quantity of preformed template added to the reaction 
mixture. The efficiency of replication for R1 was found to be 
similar to that observed in the original peptide system where 
replication was not reversible. Interestingly, doping with 
preformed template T1, containing the native non-reversible 
peptide linkage, revealed that this template is capable of 
crosscatalysing the formation of R1. Behaviour of the small 
DCL (Fig. 16a) comprised of three building blocks, E1, E2 and 
N, was examined in the absence and in the presence of an 
instructing chemical trigger, e.g. template R1, T1, T1Nv or T2C.  

 

 
 

Fig. 16  a A replicating peptide network under thermodynamic 
control designed by Ashkenasy and co-workers. Two electrophilic 
components, E1 (green) and E2 (purple) can react with a nucleophilic 
component N (grey) to form reversibly peptide templates R1 and R2. 
R1 only is capable of forming catalytically active template assemblies, 
allowing it to replicate efficiently. b Labels and sequences of peptides 
employed. Ar = 4-acetamidobenzoate; Z = –SHCH2CO; X = Lys-Ar; SR 
= 2-mercaptoethane sulfonate; Nv = 6-nitroveratryloxycarbonyl. c 
Formation of R1 (green) and R2 (purple) from [N] = [E1] = [E2] = 100 
μM. d Formation of R1 (green) and R2 (purple) from [N] = [E1] = [E2] = 
100 μM in the presence of T2C (50 μM). 
 
 Kinetic analysis in the absence of template (Fig. 16c) 
revealed interesting behaviour, namely, while the concentration 
of R1 continued to increase throughout the reaction, as expected 
based on its replication efficiency, the initial increase in the 
concentration of R2 was followed by its hydrolysis to its 
constituent components, before the system reached equilibrium. 
Hydrolysis of R2 increased the transient concentration of the 
shared building block N, which, in turn, allowed R1 to form at 
the expense of R2. Instructing the DCL with R2 resulted in 
delayed equilibration to R1. Utilising an external, preformed 
template (T2C) that incorporates two glutamate residues (g13 
and e13)—capable of forming stable heteromeric complexes 
with R2 (bearing lysine residues)—as input, the authors were 
able to alter the outcome of the competition between R1 and R2, 
resulting in nearly equal concentrations (Fig. 16d) of both 
templates at equilibrium.  
 The possibility of altering the behaviour of this network 
through the application of light as a stimulus was examined by 
introducing the photocleavable template T1Nv. Application of 
light to the reaction mixture resulted in the cleavage of the 
protecting photocleavable moiety, exposing the lysine residue 
(residue e, position 13) on this template, allowing it to act as a 
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crosscatalyst for the formation of R1 (in its protected form, T1Nv 
acts as a weak crosscatalyst for R2). In this work, Ashkenasy 
and co-workers demonstrated experimentally for the first time 
that reversible peptide replication is possible, and that the 
product distribution within an interconnected peptide network 
under thermodynamic control depends on both the catalytic 
efficiency of each template as well as their thermodynamic 
stability. These results are of clear relevance for the 
understanding of the process of molecular evolution and 
formation of metabolic networks, and might possibly be 
extended to networks exhibiting chemical evolvability in the 
future. 
 Ashkenasy and co-workers exploited reversible and 
environmentally responsive replication for the design and 
implementation86 of a larger peptide replicator network more 
functionally reminiscent of a prebiotic network. This more 
complex network (Fig. 17) was assembled from five peptide 
fragments, namely, three thioester incorporating electrophiles, 
E1 to E3, and two thiol-containing nucleophiles, N and N1. 
Reactions of these five building blocks furnish six different 
peptide replicators: R1, R2, R3, R1A, R2A and R3A (R1 and R2 
were described in Fig. 16). The major distinguishing feature of 
these six replicators is their ability to form the coiled-coil 
assembly required for efficient replication. This ability is 
governed by the identity of the residue responsible for 
electrostatic interactions (Fig. 17, blue) at position e13 
(R1/R1a = glutamate, R2/R2a = lysine and R3/R3a = alanine), 
directly opposite the lysine residue at position g’ (8) and the 
residue within the hydrophobic region responsible for inter-
helical interactions (Fig. 17, red) at position d26 (R peptides = 
leucine, Ra peptides = alanine). The adaptive nature of this 
network and its capacity to adopt different network topology 
was demonstrated by changing the environmental conditions. 
Two template products, R1 and R3, were found to form 
particularly efficiently under all examined reaction conditions. 
Template R2

 incorporates destabilising lysine–lysine 
interactions at the recognition interface and all alanine-
containing templates displayed less efficient replication, or 
hydrolysed after a short time period as a result of their lower 
coiled-coil stability. In spite of the preference of the network 
for the formation of R1 and R3, the network could be directed 
towards enhanced formation of the R2

 peptide by addition of 
the external template T2C, described previously, as instruction, 
or by exposure to high salt conditions that mask the 
unfavourable lysine–lysine interactions. As a consequence of 
the reversible nature of the peptide system, however, R2

 

hydrolysed over time into its constituent components, allowing 
R1 and R3 peptides to be formed in the highest yields. 
Ashkenasy and co-workers also probed the behaviour of this 
reaction network comprised of six replicators under 
thermodynamic control using kinetic simulations, and 
demonstrated successfully that the product distribution patterns 
observed experimentally can be reproduced. 

 

 
Fig. 17  Helical wheel representation of a trimeric coiled-coil 
formed by the association of six potential peptides: R1, R2  and R3 and 
R1a, R2a and R3a (subscript a denotes substitution of leucine at 
position 26d with alanine, highlighted in grey). Residue X (green) in 
position e13 varies across the templates: glutamate = R1 / R1a, lysine = 
R2 / R2a and alanine = R3 / R3a. Recognition between peptides and 
their assembly into complexes is mediated by the recognition 
between the hydrophobic residues at positions a and d (red) and 
electrostatic interactions between residues at positions e and g 
(blue). Residues b, c and f (yellow) are exposed to the solvent surface 
and do not contribute to recognition.  
 
	 An interesting and rather different strategy for self-
replication under dynamic conditions has been reported87 by 
Otto and co-workers, who utilised a dithiol building block 20 
bearing a short oligopeptide sequence (Fig. 18), capable of 
associating reversibly through covalent disulfide exchange to 
give a dynamic library of macrocycles. These macrocycles can 
interact through non-covalent peptide–peptide interactions 
between hydrophobic (leucine) and hydrophilic (lysine) α-
amino acids, arranged in an alternating pattern, allowing them 
to assemble into fibres, held together through β-sheet type 
interactions.  
 By employing a control building block 21, lacking a peptide 
chain (Fig. 18), the authors demonstrated that in the absence of 
the recognition mediated by the peptide chains, the DCL, 
stirred in a borate buffer at pH 8, formed trimeric and 
tetrameric macrocycles preferentially. Although the behaviour 
of a DCL constructed from 20 displayed a product distribution 
that was initially similar to that of the control library employing 
21, preferential formation of hexamer and heptamer was 
detected over time. The appearance of these products was 
characterised by a sigmoidal concentration vs. time profile and 
was accompanied by a decrease in the concentration of the 
initially dominant trimer and tetramer. Interestingly, this 
behaviour was observed only when the DCL was agitated 
mechanically—stirring produced heptamer and shaking 
hexamer preferentially. 
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Fig. 18  a Dynamic library created from dithiol building blocks. 
Changes in product distribution observed over time upon agitation 
of a solution of 20 (3.8 mM) by b shaking (500 rpm) and c stirring 
(1200 rpm) as determined by high-performance liquid 
chromatography analyses. The colours of the circles shown in b and c 
match the library members shown in a. Figure adapted with 
permission from Ref. 88. Copyright 2015, American Chemical Society. 
 

On day 4 the composition of the reaction mixture was 
dominated by the trimer and tetramer. Seeding the reaction 
mixture at this time with preformed hexamer and shaking, or 
preformed heptamer and stirring, resulted in the disappearance 
of lag period associated with the formation of the added 
template, either hexamer or heptamer. Exploiting a variety of 
control experiments and characterisation tools, Otto and co-
workers were able to propose a model for the mechanosensitive 
fibre growth based on two processes, namely fibre elongation 
and fibre breakage—the latter of which is critical for the 
exponential transition from macrocycles to fibres in an 
autocatalytic process that can be compared to crystallisation. In 
subsequent work, Otto and co-workers were able to 
demonstrate89 that fibre length, and thus also the rate of 
replication, are directly proportional to the stirring rate—i.e. the 
fibre length decreases as the rate of stirring increases. 

Otto and co-workers have extended90 their studies on 
mechanosensitive self-assembly driven fibre replicators to a 
dynamic system where two distinct sets of replicators emerge 
from a DCL constructed from two structurally similar building 
blocks A and B (Fig. 19), examined previosuly91 in isolation 

and shown to form hexamers and octamers preferentially, 
respectively.  

 
 

Fig. 19  a Dynamic library created from dithiol building blocks A 
(red) and B (blue), which differ in the nature of their R group. b 
Changes in product distribution observed over time in a library 
formed from building blocks A and B (3.8 mM each) in aq. borate 
buffer (50 mM, ph 8). The first set of replicators rich in dithiol block A 
is shown in red and the second set of replicators rich in B is shown in 
blue. The intermediate component A3B3 that connects these two sets 
of replicators is depicted in purple. 

 
The authors examined the behaviour of an equimolar ([A] = 

[B] = 3.8 mM) mixture of these components, monitoring all 
changes by ultraperformance liquid chromatography mass 
spectrometry (UPLC-MS) over 35 days. After three days, the 
mixture was dominated by a set of A-rich hexamers (A6, A5B, 
A4B2, and A3B3). The formation of this first set of replicators 
altered the pool of building blocks available in the reaction 
environment, and, as a consequence, gave rise to a second set of 
replicators, rich in B (A2B4, AB5, and B6), after seven days. 
Interestingly, on repeating the experiments 12 times, although 
consistent behaviour was observed generally, the appearance of 
hexamer A3B3 switched between the first and second set of 
replicators. The use of two different building blocks allows the 
replicator fibres to undergo “mutation” by incorporating 
different monomers. The authors examined the relationship 
between the two sets of replicators using a series of template-
instructed experiments, showing that the first set can template 
the formation of the second set, transferring information about 
its macrocycle size if the added seed is rich in B. Exploiting a 
combination of theoretical and experimental methods, Frederix 
et al. have recently reproted92 a highly detailed study of fibre-
based replicators created from building block B (Fig. 19), 
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showing that that formation of organised architectures is 
mediated by cooperative β-sheet-driven self-assembly, and the 
aromatic core of the macrocyclic component from which the 
fibres are constructed is critical to the stability of the fibres. 
Concurrently, the Otto laboratory have also reproted93 a study 
investigating the exchange of building blocks in stacks of self-
replicating macrocycles. 

The replication mechanism that underlies the fibre systems 
reported by Otto and co-workers is considerably different from 
the synthetic replicating systems discussed thus far. Even the 
larger-scale peptide replicators reported by the Ghadiri, 
Chmielewski and Ashkenasy laboratories exploit the well-
established minimal models where ternary (or, in some peptide 
replicators, quaternary) complexes catalyse the replication 
processes. By contrast, the work reported by Otto and co-
workers represents an important example of an alternative 
strategy for self-replication, driven by self-assembly and 
mechanical forces. This mode of self-replication is significantly 
less well defined than that described by the minimal model, and 
is beyond the scope of this review. Nevertheless, it should be 
noted that, to date, analogous self-replication (or self-
reproduction/self-synthesis) has been demonstrated using self-
assembled fibres, nanowires, micelles and vesicles. For more 
in-depth discussion of this body of work, the reader is directed 
to Refs. 94 and 95. 
 In one of the earliest examples examining self-replication in 
reversible systems, von Kiedrowski and Terfort explored96 an 
amidinium-carboxylate salt bridge as an alternative to 
nucleotide base pairing recognition in order to drive self-
replication of a small molecule-based synthetic system. The 
authors investigated the condensation reaction of several 
amines and aldehydes (Fig. 20). 
 

 
 

Fig. 20  a Small-molecule synthetic replicating system, exploiting 
carboxylate–amidinium salt bridge formation, investigated by Terfort 
and von Kiedrowski based on condensation of amines and 
aldehydes. a Amine 20 and aldehyde 21 form imine 22, capable of 
self-replication (limited by product inhibition). b Crosscatalytic 
reaction of amine 23 with 21 mediated by imine template 24 showed 
exponential growth. Counter ions are omitted for clarity. 

 
The imines formed were suitable templates for the 

association of the unreacted components in catalytically active 
ternary complexes. Analysis of the reaction between amine 20 
and aldehyde 21 (DMSO-d6), to give imine 22 (Fig. 20a), 

showed that the rate of product formation increased as the 
amount of preformed template 22 added to the reaction was 
progressively increased. Interestingly, examination of a 
structurally similar system where an amine 23 reacted with 
aldehyde 21 in the presence of imine 24 (Fig. 20b) showed 
exponential growth. While this system constitutes an example 
of a crosscatalytic replication, the authors showed that it is 
possible to overcome product inhibition in small molecule-
based replicating systems. 
 Xu and Giuseppone reported97 an example of a more 
complex imine library based on small organic molecules, where 
a single exchange pool component is stabilised by its ability to 
form a recognition-mediated duplex. Design of the self-
complementary motif, necessary for the internal, template-
mediated stabilisation was inspired by Rebek’s replicator.46 
Condensation of three aldehydes (Al1 to Al3) and two amines 
(Am1 and Am2) afforded six different imine products (Fig. 21). 
Only the imine product Al1–Am1 was capable of forming a 
recognition-mediated duplex [Al1–Am1•Al1–Am1]. Kinetic 
analysis of the full library revealed that the initial advantage in 
the rate of formation of Al1–Am1, eroded over time. Fig. 21 
(black circles) shows that this erosion stems from the 
thermodynamic preference of the library for products Al2–Am2 
and Al3–Am2 (empty circles). The study showed clearly that the 
level of selectivity that can be achieved for a product formed 
via recognition-mediated reaction processes in the library is 
limited by the thermodynamic stabilities of the imine products, 
and the reversible nature of the system. 
 Contemporaneously, the Philp laboratory developed98 an 
imine-based system (Fig. 22) formed from an aromatic 
aldehyde 25 and an amine 26. These two components can react 
to form imine 27, which is in dynamic equilibrium with its 
constituent building blocks. As a result of the complementarity 
between its carboxylic acid and 4,6-dimethyl amidopyridine 
sites, the formed imine has the capacity to assemble the 
unreacted aldehyde and amine in a catalytically active ternary 
complex [25•26•27] that can accelerate the reaction between 25 
and 26. Interestingly, the authors demonstrated that, while the 
addition of preformed imine 27 template removed the lag 
period observed in the absence of template, its addition also 
resulted in a decrease in the overall quantity of the newly 
formed imine 27 produced within the system. In fact, kinetic 
simulations revealed that the observed decrease is proportional 
to the amount of template added—a thermodynamic boundary 
imposes a limit on the formation of imine 27, and addition of 
preformed template is not sufficient in itself to allow the system 
to break from this constraint. Instruction of this dynamic imine 
system with a reduced amine counterpart (28) of imine 27 
confirmed that this crosscatalytic pathway operates efficiently, 
and without the decrease in imine formation observed in the 
presence of 27. Nevertheless, even the addition of the reduced 
template 28 did not allow the system to shift away beyond its 
thermodynamic limit. 
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Fig. 21  a Dynamic library composed from three aldehydes, Al1 to Al3 and two amines, Am1 and Am2, affording 6 different imine products. 
Only imine Al1–Am1 (black circles) is capable of stabilisation through the formation a recognition-mediated duplex [Al1–Am1•Al1–Am1]. The 
initial advantage afforded in rate eroded over time as Al2–Am2 and Al3–Am2 (empty circles) products formed as the more thermodynamically 
stable products. The imine Al1–Am2 (black triangle) product was similarly affected, decreasing in concentration over time. Al2–Am1 and Al3–
Am1 (empty triangles) formed slowly and unselectively. 
 
 

 
 

Fig. 22  A dynamic imine system incorporating formation of a self-replicator. Aldehyde 25 and amine 26 can react reversibly to form imine 
27, which is capable of templating its own formation via the catalytically active ternary complex [25•26•27]. The reversible nature of the 
covalent bond forming step employed, however, imposes a limit on the production of the self-replicating imine 27. Reduction of the imine to 
the corresponding amine 28 afforded a crosscatalytic template.  
 
 The examples of replicating systems examined under 
dynamic conditions reveal that the thermodynamic nature of 
DCLs imposes a limitation on the level of amplification that 
can be achieved upon addition of preformed template capable 
of binding one or several of the library components. As a 
consequence, the degree of amplification in the systems 
described so far tends to correlate with the amount of template 
added and the concentrations and binding affinities of the 
components present within a particular library. In addition to 
fine-tuning these reaction and thermodynamic parameters as a 
strategy for obtaining enhanced selectivity for the best affinity 
binder, a DCL can also be coupled to kinetically controlled 
processes in order to achieve increased selectivity. In this 
manner, the limits imposed on a system by the thermodynamic 
regime can be broken. By exploiting methods that allow the 
added target, e.g. template to not only interact but also to react 
with the library components, the best binders can be removed 

irreversibly from the thermodynamic pool via kinetic selection 
processes. An additional benefit arises from such utilisation of 
kinetically controlled processes, namely easier isolation of the 
amplified, now more stable library products. As well as 
potentially enhanced selectivity, the combination of 
thermodynamic and kinetic selection processes within a single 
system presents us with the possibility of exploring networks 
and systems with an additional layer of complexity that are 
closer in nature to the diverse interconnected networks present 
in nature.  
 Exploitation of template-mediated irreversible replication 
processes, in particular, presents an attractive strategy for 
amplifying the degree of perturbation within a dynamic system, 
and, thus, also the level of target amplification. In this case, an 
exchange pool of interconverting components (Fig. 23) 
contains a few selected members with the capacity to either 
interact or react unselectively with the added target. Only a 
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small subset of these components (e.g. AZ in Fig. 23), 
however, possess the ability to both react and interact with the 
target species, thus displaying amplification via irreversible 
template-mediated processes. 

 
 

Fig. 23  Cartoon representation of a dynamic covalent library, 
where a replication process facilitates selective amplification (blue 
arrow) of a library member that is capable of both interacting and 
irreversibly reacting with the added target. Components capable of 
reacting but not interacting with the added target are transformed 
slowly and unselectively (red arrows). 
 
 Complementing their work99 on DCLs driven by 
irreversible recognition-mediated reaction processes, Sadownik 
and Philp reported100 a library of imines and nitrones that was 
coupled to a self-replication process. In this case, the position 
of the carboxylic acid on the maleimide component was 
selected to promote the template-mediated reaction via a 
ternary complex. Employing the para-substituted maleimide 
12, shown previously to form an efficient trans 
diastereoselective self-replicating system (Fig. 8f), the authors 
showed that instruction of the imine-nitrone dynamic library 
(Fig. 24) assembled from nitrone 29 and imine 30 (20 mM 
each) in CD2Cl2 saturated with p-toulene sulfonic acid resulted 
in rapid transformation of the recognition-enabled nitrone 31. 
In fact, even in the absence of any template instruction, more 
than 48% of the library was transformed to products after 16 h, 
with trans-32 (Fig. 23, green box) being by far the most 
dominant product at 80% ([trans-32]/[cis-32] = 21). 

 By contrast, nitrone 29, which lacks the 6-amidopyridine 
recognition site, formed the cis-33 and trans-33 only very 
slowly and with low diastereoselectivity. The level of 
selectivity for trans-32 was magnified further when the library 
was examined in the presence of 10 mol% of preformed trans-
32 as instruction. This addition of preformed template enabled 
trans-32 to efficiently template its own formation via the 
template-mediated pathway from the onset of the reaction. In 
this instructed system, the overall conversion for all 
cycloadducts in the DCL was 64% after 16 h, of which 88% 
was constituted by trans-32 ([trans-32]/[cis-32] = 38). 
 Examination of self-replicating systems within a dynamic 
environment such as that provided by dynamic covalent 
libraries present a unique opportunity to examine replication 
phenomena in a scenario where the overall outcome is affected 
by the interplay between the dynamic and replication processes. 
In this context, replicating species have to accomplish their own 
formation using the building blocks distributed in a pool of 
dynamically exchanging building blocks. As the reaction 
progresses, the replication processes perturb the dynamic state, 
operating under conditions that are temporarily driven away 
from equilibrium. In the end, however, the dynamic system 
reaches an equilibrium state once the building blocks have been 
exhausted. 

Thus far, the examples of replicating systems coupled to 
DCLs have predominantly focused on examples involving a 
single replicator and studies incorporating two or more 
replicators are considerably under-explored. In the future, the 
established examples presented here will hopefully be extended 
to systems that examine networks of replicators competing for 
shared resources under dynamic conditions, thus helping to 
demonstrate how the outcomes of such systems vary from those 
observed under conditions where the building blocks are fully 
assembled at the reaction onset. Although DCLs can help us 
understand the origins of complexity in interconnected 
networks, the emergence of life on the prebiotic Earth most 
likely involved non-homogeneous environments. In order to 
explore replication processes under such conditions in the 
laboratory, it will be necessary to transition to reaction formats 
where replication processes do not become self-limiting such as 
those provided by reaction-diffusion and flow101 environments 
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Fig. 24  a A dynamic covalent library assembled from nitrone 29 and imine 30, which can equilibrate in CD2Cl2 saturated with p-toluene 
sulfonic acid to give recognition-enabled nitrone 31 and a recognition-disabled imine. Within this library, two components are equipped with 
a reactive nitrone site and two with an amidopyridine recognition site. Only nitrone 31, however, possesses both the recognition and reactive 
elements required for the reaction with maleimide 12 via a template-directed self-replicating pathway, forming the trans-32 (green box) 
rapidly and with high diastereoselectivity. Nitrone 29 reacts with 12 to form cis-33 and trans-33 only via the slow, unselective bimolecular 
pathway. b Instruction of the library assembled from nitrone 29 and imine 30 (20 mM each) with 12 and 20 mol% (2 mM) of preformed 
template of trans-32 results in dramatic amplification of trans-32 from the DCL pool. The time course profiles show the changes in the 
exchange pool and cycloadduct components (corrected for template added) over time as determined by 470.4 MHz 19F{1H} NMR spectroscopy 
(0 °C). 
 
  

Replication	processes	in	non-standard	reaction	
formats	
The world around us is filled with molecular matter that is 
constantly interacting and reacting—processes that are assisted 
by the motion of molecules through space. On the early Earth, 
too, the emergence of an entity capable of replication probably 
occurred in a non-homogeneous, far-from-equilibrium 
environment, where the outcomes of all recognition and 
reaction processes were influenced by diffusion—a physical 
process with a key role in controlling102 biochemical processes 
within cells. Such prebiotically relevant reaction-diffusion (R-
D) environments differ markedly from the WSBR conditions 
typically employed for the analysis of self-replicating systems 
in the laboratory, as evidenced by the examples of replicating 
systems discussed in this review thus far. The absence of 
concentration gradients in a reaction performed under WSBR 
conditions means that diffusion plays little or no role in the 
outcome observed. The closed reaction environment imposes a 
limit on the selectivity that can be achieved in a network of two 
competing recognition-mediated reactive processes, and also 
limits the complexity of outcomes that can be achieved in 
interconnected chemical systems. In order to move away from 
the barriers imposed by kinetic selection, it is necessary to 
explore out-of-equilibrium, non-homogeneous reaction 
conditions.  

Examples of systems exhibiting non-linear and 
spatiotemporal phenomena are considerably more common in 
the world around us than might seem at first sight—ranging 
from our unpredictable weather1f,103 to patterns104 on the skins 
of animal or precipitation patterns104c,105 in rocks. For a system 
to sustain its dynamic, non-equilibrium state, a continuous 
supply of energy (light, heat, chemical energy, etc.) and matter 
is necessary, allowing spontaneous formation of, for example, 
self-organising patterns and R-D fronts. Oscillatory and 
autocatalytic processes are the core driving forces for the 
spontaneous generation1d,102b,104c of patterns and R-D fronts in 
nature. In the laboratory setting, the coupling of autocatalysis 
with diffusion in a non-homogeneous and unstirred 
environment can, likewise, gives rise to a propagating R-D 
front. The earliest examples of such complex phenomena 
demonstrated in chemical laboratories were based on inorganic 
chemistries, and despite their considerable initial controversy, 
an extensive body of work now exists1d,1e,106 in the literature on 
inorganic systems that exhibit different spatiotemporal 
behaviour under non-equilibrium conditions—with the 
Belousov–Zhabotinsky oscillating reaction107 representing 
perhaps the best-known example. Reports of organic systems 
exhibiting such behaviour, however, are significantly more 
scarce—in fact, the propagating R-D front detected108 in the 
Co(II)-catalysed autoxidation of benzaldehyde was, for a long 
time, the only example of an R-D front involving a small 
organic molecule.  

Such propagating fronts represent an opportunity to study 
replication processes, which are inherently autocatalytic, under 
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unfamiliar conditions. The concentration gradient created by 
the addition of a small quantity of preformed autocatalyst at a 
specific location to a solution of reactants will drive the 
propagation of an R-D front mediated by the replicating 
template, thereby allowing the replicator to operate at its 
optimum efficiency for a significant portion of the reaction. 

In the last thirty years, several examples of R-D fronts 
based on RNA and DNA frameworks capable of replication 
have been reported. McCaskill and co-workers reported109 the 
first example of an R-D front observed in a system based on 
replicating RNA. The propagating RNA fronts were initiated by 
the addition of preformed molecules of RNA at particular 
locations in an essentially two-dimensional capillary tube 
reactor (Fig. 25), containing a solution of RNA polymerase, 
nucleotide building blocks and buffer. Interestingly, McCaskill 
and co-workers were able to demonstrate that the fronts can 
emerge stochastically and are capable of evolving as they 
progress in space over time. 

 

 
Fig. 25  A plot showing the distance travelled over time by 
propagating RNA fronts initiated by the addition of two single RNA 
molecules (white circles). The white arrow indicated a change in the 
velocity of the RNA wave. Concentration of RNA is represented using 
a colour scale, where black denotes the lowest and orange the 
highest concentration. Figure adapted with permission from Ref. 
109a. Copyright 1993, National Academy of Sciences. 

 
Until 2013, this study was the only example of its kind. 

Estévez-Torres, Rondelez and co-workers reported110 an 
example of travelling concentration waves (Fig. 26) in a 
biochemical network exhibiting predator-prey111 type of 
oscillations. The network presented in this study represents an 
extension of their previous work on DNA-based predator-prey 
systems, employing carefully designed DNA oligonucleotide-
based molecules (Fig. 26c), connected by a shared encoding 
sequence. Namely, the predator-prey network was constructed 
from three components: prey N, predator P, and grass G—the 
template required for growth of the prey (Figs. 26b and 26c). 
The reaction processes within this network are controlled by 
three purified enzymes, namely a polymerase, nicking enzyme 
and exonuclease. In the absence of these enzymes, the 
replication reactions in the network would stall. The prey 
utilises the grass for its formation, and in turn, the predator 
consumes the prey component in order to form another 
molecule of itself. Both predator and prey can decay through 

the action of the exonuclease enzyme. By examining the 
molecular network under R-D conditions—i.e. within the 
environment of an unstirred, 8 mm wide and 200 µm deep 
circular reactor, the authors were able to demonstrate DNA-
based travelling prey-predator R-D fronts. 

Recently, Estevez-Torres and co-workers have introduced112 
a more general method for achieving control over the reaction 
and diffusion parameters of the DNA components employed in 
programmable R-D networks based on an autocatalytic node of 
the DNA polymerase exonuclease nicking enzyme (PEN) 
toolbox.113 
 

 
Fig. 26  a A biochemical network exhibiting predator-prey type of 
oscillations, connected by a common DNA oligonucleotide sequence 
capable of forming a propagating reaction-diffusion front. b Three 
reactions at the core of the predator-prey network: (1) autocatalytic 
growth of prey on the grass template, (2) autocatalytic growth of 
predator, with a consumption of prey, and (3) decay of predator/prey. 
c Structure of grass (G), prey (N) and predator (P). Complementary 
DNA sequences are highlighted in the same colour, whereas dark and 
light shade represent regions that can and cannot be destroyed 
through the action of an exonuclease. Figure adapted with 
permission from Ref. 110. Copyright 2013, American Chemical 
Society. 
 

The notion of competitive autocatalysis in R-D systems was 
investigated114 by Showalter and co-workers using simulations 
as early as 1998. The authors examined the possibility of 
achieving complete selectivity for a single product in a system 
composed of two autocatalytic processes competing for a 
shared building block A (Eqs. 1 and 2, Fig. 27). The 
autocatalytic products, B and C, each have a specific diffusion 
coefficient ((DB and DC) and their formation from their 
constituent components (reaction of A and B, or A and C) is 
governed by a specific rate constant (kB and kC). 

Using computer simulations, Showalter and co-workers 
showed that the selectivity observed in a propagating R-D front 
depends on the relative ratios of the rate constants (kC/kB) and 
the diffusion coefficients (DB/DC) specific to the two competing 
replicators—B and C. Fig. 27 shows an example simulation, 
where the two autocatalytic species have identical diffusion 
coefficients (DB = DC) and the rate constant kB is twice kC. The 
outcome of this simulation shows that the species with the 
higher rate constant, B, as the kinetically favoured product, 
forms a wave with constant velocity. In contrast, product C, 
travels from the initial seeding point almost exclusively through 
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FIG. 2. Space-time image of replication waves.
The image shows vertically the time course of RNA
replication and spread in a short 5-cm segment of a
capillary. The ethidium bromide fluorescence en-
hancement is a monotonic sigmoidal function of
RNA concentration, so the graded colors represent
increasing RNA concentrations from black to or-
ange according to the scale shown in Fig. 2. A wave
front of rapidly increasing RNA concentration
propagates at constant velocity to the left and right
of the positions where two single RNA molecules
seeded the replication. A sharp increase in the front
velocity (marked by the arrow) reflects a single
evolutionary change in the replication rate of the
RNA. (Left inset) A few of the hundreds of fluo-
rescence enhancement images (t = 0 image sub-
tracted) of the capillary segment at successive times
that were used to reconstruct the space-time image.
This was achieved by averaging laterally the fluo-
rescence at each point along the capillary to form
successive single horizontal rows of the image at
successive times. The image is then filtered to
remove the high-frequency noise that is constant in - _
either the temporal or spatial direction. (Right in-
set) Three-dimensional character of the same
space-time image shown by displaying the fluores-
cence intensity as depth in addition to color and using an imaginary sun to illuminate the surface from below. The solution in the capillary is
as described in Fig. 1 but with 10 mM NaCl, 30 mM (NH4)2SO4, 1 ,uM enzyme, and 3 ,uM ethidium bromide. The seeding RNA in this case
was a nonoptimally replicating RNA (a cloned hybrid 133-nucleotide variant provided by C. Biebricher).

times at higher salt concentrations (29, 31, 35, and 45 min) in
the experiment above. Fig. 3 a-d also shows a region with
increased salt in which the average nonseeded lag times have
increased (from 27 min at 5 mM to 40 min at 10 mM NaCl).
More dramatic is the difference with respect to the depen-

dence on enzyme and NTP concentrations of lag times and
front velocities for nonseeded as opposed to seeded RNA
colonies. In two template-free experiments (at 22° C and 100
mM NaCl), the enzyme concentration was varied from 3.6 to
0.4 ,uM by using 10 regions of 13 capillaries each. The lag times
ranged from a basal value of 6.5 h at high concentration to 20
h at 0.6 ,uM with no events recorded even after several days
for 0.4 ,M enzyme. Denaturation of the enzyme, with a half
life of perhaps 10 h under these conditions, is the cause of the
rapid fall off in the number of events at the lowest concentra-
tions. The front velocities showed a broad distribution from
0.1 to 0.5 cm/h independent of enzyme concentration.

Varying NTP concentration from 12.5 mM to 0.32 mM (3.6
,uM enzyme) in two further experiments (at 22° C and 100 mM
NaCl) with template-free colonies produced a steady increase
in lag times from 1.2 to 30 h. The distributions became
steadily broader. Part of this data is shown in Fig. 4B. The
front velocities had broad distributions with a maximum
mean of 0.48 cm/h at 1.0 mM NTP, decreasing to just 0.13
cm/h at 0.32 mM. The decrease corresponds to a factor of
>13 in the mean replication rate of RNA species for a 3-fold
reduction in NTP concentration. The colonies differed widely
not only in front velocities but also in their fluorescence
intensities. Furthermore, a significant number of velocity
changes were recorded in the template-independent colonies.
The above experiments with long lag times revealed strong

evidence of major evolutionary changes in the RNA species
in the course of time (Fig. 3 g-i). Front velocities of slowly
growing species would increase in marked stages. Often,
within a growing colony a secondary brightening of fluores-
cence starting at one point could be seen producing a new pair
of traveling wave fronts growing inside the original colony
(Fig. 3 g and h). When such a wave front reaches the
boundary of the original colony, it may cause a sudden
increase in the exterior front velocity of the colony. Some-
times a hierarchy ofup to four such nested events is observed
(Fig. 3h). In addition, most of the slower growing colonies
have a weak fluorescence enhancement consistent with

smaller concentrations resulting from high inactivation rates
(e.g., by the annealing of templates to form nonreplicating
double-stranded RNA). Fig. 3i shows the variety of behavior
after collision of wave fronts from different colonies. In
particular, increases in front velocity correlated with two
wave-front collisions appear to be frequent. This provides
suggestive evidence for recombination of RNA in this single
enzyme system.
Discussion
Traditionally, biochemists have taken great pains to avoid
spatially inhomogeneous reactions. The present work makes
use ofthe simplification of small concentrations in the leading
tail of a traveling concentration wave, providing a constant
exponential-growth-phase dilution reactor with kinetics sim-
ply related to the ideal homogeneous case. Because the
reactor involves no moving parts, a scale up to thousands of
wave fronts in a single experiment using only 1 ml of solution
proved possible.
The above results show how the spontaneous generation of

RNA in nonseeded colonies is a stochastic process with very
different statistics from the simpler amplification process
from single template molecules. The latter is quite well
described by a simple birth process based on the determin-
istic kinetic mechanism established at high concentrations.
The template-free colonies exhibit a very different mean
kinetics and have a much greater variation in front velocities
and lag times. The images of Fig. 3 g-i show that the cause
of these differences in stochastic behavior is that the forma-
tion of template-free RNA colonies involves a major process
of evolution. We have characterized the intrinsic phenotypic
variation in replication rate arising from this process (e.g.,
see Fig. 4B) and its dependence on reaction conditions.
The direct observation of ubiquitous evolutionary succes-

sion in de novo colonies confirms the many indirect argu-
ments against a contamination cause. Of course the fact that
these experiments were carried out in sealed capillaries with
template-free colonies forming as late as after 2 days of
incubation rules out contamination through the air (12). The
template-free reaction may only be observed when the reac-
tion mix is free of contaminants (see Fig. 1 legend) and the
concentrations of reactants, in particular the enzyme and
monomers, are in the appropriate range. One outstanding
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diffusion, propagating over a significantly smaller distance. 
This observation is a direct consequence of coupling of the 
reaction processes where A → B is faster with diffusion of B 
from the starting point into areas containing fresh reagent A. In 
this situation where the diffusion coefficients are identical, the 
rate constant for the formation of the competing species plays a 
crucial role in determining the selectivity. This straightforward 
example of competition between B and C was elaborated into a 

simulation where the two species are more closely matched in 
their replicating abilities. More specifically, Showalter and co-
workers showed that when DB/DC > kC/kB, the autocatalytic 
template B forms a propagating wave selectively (favoured by 
diffusion) while if DB/DC < kC/kB, the shared component A gets 
converted predominantly to product C, favoured kinetically, 
instead. 

 

 
 
Fig. 27  Simulated time vs. distance travelled plots for the modelled evolution of autocatalytic species B and C, shown in a and b, 
respectively, when DB/DC = 1 and kC/kB = 0.5. Concentration levels of each product formed within the simulation are represented using the 
colour key shown on the left-hand side, where blue represents the lowest and yellow the highest concentration. Figure adapted with 
permission from Ref. 114. Copyright, 1998, Royal Society of Chemistry. 

 
This theoretical study showed that R-D conditions can offer 

selectivity in a network of competing autocatalytic reactions far 
beyond that of a WSBR system, where the final composition 
always comprises a mixture of products. The degree of 
selectivity in a system of competing autocatalytic reactions 
coupled to diffusion processes can be fine-tuned by altering the 
reaction and diffusion parameters of the reacting species within 
a particular system. Despite the clear potential utility of this 
study as a general model, the simulations employed in this 
work examine the formation of autocatalytic products, B and C, 

as a simple second order reaction with respect to the reaction 
components, A and B or C (Eqs. 1 and 2, Fig. 27). This 
approach differs markedly from that of the minimal model of 
self-replication, introduced in the earlier sections, where a 
template molecule is required to establish an autocatalytic cycle 
(Eq. 3, Fig. 27), with an overall reaction order of up to 3. 
Additionally, the study by Showalter and co-workers fails to 
take into consideration any crosscatalytic interactions and thus 
the results of the simulations are not immediately applicable to 
networks of replicators where such pathways might operate. 

 

 
 

Fig. 28  a Design of an optically active self-replicating system formed from maleimide 12 and a 9-ethynylanthracene containing nitrone 
34. Formation of replicator trans-35 from nitrone 34 and maleimide 12 is associated with a change in fluorescence from bright yellow 
(nitrone) to blue (cycloadduct). b Calculated (RM1) space-filling structure of the transition state [12•34•trans-35] allowing the template-
directed formation of trans-35. c Processed grey-scale images collected over time, using a 365 nm UV lam to illuminate a template instructed 
reaction-diffusion experiment (left-hand column, +trans-35) and control condition, lacking template (right-hand column, no template). Figure 
adapted with permission from Ref. 115. Copyright 2016, American Chemical Society. 
 

In 2016, building on these simulations and the repertoire of 
reaction-diffusion fronts based on oligonucleotides, Philp and 
co-workers reported115 a replicating system with an optical 
signature that permits monitoring of the progress of the 

replication progress within the R-D environment in real time. 
This replicating system (Fig. 28), based on the design of a well-
established efficient replicating system, first reported60 by 
Kassianidis and Philp in 2006 (Fig. 8f), is capable of 

Plate 1 SpaceÈtime plots showing the evolution of the concentrations of (a) species B and (b) species C as functions of position x and time t for a
system with d \ 1 and i \ 0.5. The key indicates the concentration ranges corresponding to each colour. The Ðgure shows the establishment of a
wave in which A is converted entirely to B propagating with constant velocity, indicated by the constant slope in (a), and only di†usive spreading
of the initial C added locally over 0\ x \ 1 in (b).

and yields a propagation front in B. There is thus a narrow
region of C formed surrounded on either side by regions of
almost pure B. The development of the concentration proÐles
in this example are also shown, Plate 4(c)È(e). At early times, a
sharp front in the a and b proÐles can be seen emerging from
the initiation region. In the Ðfth proÐle shown, the front
becomes notably less sharp and the c proÐle develops into a
sharp pulse. The transition back to a wave in species B is
accomplished by what is e†ectively a second initiation event,
producing another sharp front in A and B. The b proÐle now
has a maximum and a minimum, the latter corresponding to
the location at which c is high. With d \ 0.078, a similar
overall evolution results, but the region of C is wider : as d is

decreased further, the wave in C is eventually established as
the long-term structure.

Numerical integration for other parameter combinations
have been performed to map out the dÈi plane as indicated in
Fig. 2, where crosses denote systems in which a wave of B is
established and the dots indicate a wave of C. The theoretical
prediction, eqn. (8), gives a relatively good estimate of the
boundary between the two regions, although the computed
boundary appears to lie slightly below this simple condition at
low values of both d and i.

One other point of interest is that for systems in which a
wave of species B is achieved, the development of the
constant-velocity front is generally rapid and direct, even for

Plate 2 As for Plate 1 but for a system with d \ 0.1 and i \ 0.5. The long-term behaviour corresponds to a constant velocity wave in which A is
converted entirely to C although some B is produced locally to the origin at short times.

Plate 3 As for Plate 1 but for a system with d \ 0.45 and i \ 0.5. The long-term behaviour corresponds to a constant velocity wave in which A
is converted entirely to C but initially there is the transient initiation of a wave in B for x \ ca. 100.
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functioning within an R-D environment, and initiating and 
sustaining a chemical propagating R-D front, even in the 
absence of enzymes, unlike the RNA and DNA examples 
reported to date. The replicating system was re-engineered and 
incorporated a 9-ethynylanthracene fluorescent tag (Fig. 28a) 
within the nitrone component 34. This nitrone exhibits bright 
yellow fluorescence in CDCl3 solution when irradiated with a 
long-wavelength UV light. The emission wavelength undergoes 
a dramatic change towards the blue region of the spectrum upon 
reaction of the nitrone with maleimide 12. The ability of the 
redesigned system trans-35 to self-replicate through the ternary 
catalytically active complex [12•34•trans-35] (Fig. 28b) was 
confirmed through a series of kinetic experiments, which 
revealed that production of 35 proceeds very efficiently, with 
extremely high diastereoselectivity for the trans 
diastereoisomer ([trans]/[cis] ratio of cycloadducts is ca. 100). 
Addition of 10 mol% of preformed trans-35 template to the 
reaction components necessary for its formation shortened the 
lag period dramatically, confirming that the system maintains 
its ability to self-replicate despite the presence of the 
significantly more bulky anthracene tag, with an EMkinetic of 
16.2 M.  

The change in fluorescence, associated with the formation 
of replicator trans-35 was confirmed as the signature of the 
underlying autocatalytic reaction by UV-Vis spectroscopy. The 
ability of the designed system to initiate and sustain a 
propagating R-D front in response to the addition of a small 
amount of a solution of preformed template to an unstirred 
solution of the unreacted building blocks was assessed within 
the environment of a 50 µL microsyringe (Fig. 28c), as opposed 
to a flat plate, as a result of the highly volatile character of the 
CDCl3 reaction solvent employed in the formation of replicator 
trans-35. One 50 µL syringe was filled completely with a 5 mM 
solution of 12 and 34 (No template, Fig. 28c) whilst the second 
syringe, pre-filled with the same building blocks contained 2 
µL of trans-35 (+trans-35, Fig. 28c), added at one end of the 
syringe. Examination of the processed images acquired by 
illumination of both syringes at a sequence of time points with 
a 365 nm UV light (Fig. 28c) showed that addition of 
preformed replicator template solution allowed trans-35 to 
establish a propagating R-D front. In contrast, no front was 
visible in the experiment lacking the preformed template, and, 
instead, the syringe underwent a uniform change in the colour 
of the emission, from yellow to blue. This experimental 
demonstration of an R-D front driven by a small-molecule 
organic synthetic replicator, described115 by the Philp 
laboratory opens up the possibilities of exploring networks of 
interconnected replicators within R-D environment, i.e. under 
far-from-equilibrium conditions that could allow such systems 
to express the phenomenon of selective replication.  

Future work will hopefully see a progressive shift towards 
the study of replicating systems under R-D and flow conditions, 
whilst retaining the benefits of analyses and characterisation of 
replicators under established WSBR conditions. One of the 
upcoming challenges of systems chemistry will be to work 
towards the delineation of the parameters that affect the 
behaviour of self-replicating systems under non-equilibrium 

conditions and how this behaviour differs from that observed in 
WSBR formats, be it purely kinetically driven or coupled to 
dynamic processes. 

Concluding	remarks	and	outlook	
The fundamental role of auto- and crosscatalytic processes in 
the transition from simple chemical building blocks to LUCA 
and extant biology is evident, providing molecular entities or 
networks with the capacity to sustain and amplify themselves 
through repeated rounds of replication. Over the last three 
decades, a plethora of molecular systems capable of copying 
themselves or entities complementary to them in the reciprocal 
sense have been developed and experimentally demonstrated. 
This body of work is critical for our understanding of synthetic 
replicating systems and the requirements for their operation as 
well as interaction with each other. In an attempt to understand 
the progressive increase in complexity and emergence4b,5a,7a of 
function, i.e. beyond replication, which marks the transition 
from chemistry to life, systems chemistry has started to exploit 
the coupling of the broad palette afforded by synthetic 
chemistry and DCC with the molecular recognition toolkit 
pioneered116 by the field of supramolecular chemistry to 
engineer increasingly complex reaction networks that are 
constructed from simple components and possess the capacity 
to react and interact in multiple ways. The coupling of the 
catalytic relationships inherent within replicating systems with 
the design principles of systems chemistry offers the 
opportunity to adopt a bottom-up approach to complexity 
through the creation of networks of replicators with well-
defined connectivity. In these systems, complex behavioural 
outcomes—ranging from stereoselective replication, error-
correction and Boolean logic operations to the fabrication of 
complex architectures and capacity for diversification—are 
facilitated by the interactions of the various components. 

Building on these essential foundations, one must ask—
what comes next for the field molecular replicators? Slowly, 
but surely, it is becoming apparent that there are several key 
changes that can facilitate the expression of increasingly 
complex and emergent behaviours, i.e. ones that are associated 
with living entities and include, for example, selective 
replication, switching76a,76c from one state to another and 
appearance of homochirality, in systems constructed from the 
bottom-up. The first step necessitates a transition away from 
constant and homogeneous reaction formats, such as the 
WSBRs that have been traditionally employed as the reactors of 
choice for the study of artificial replicators, towards more 
dynamic, nonhomogeneous and thus non-equilibrium 
environments. This change mimics the environment found in 
living cellular systems, where diffusion, concentration gradients 
and regulatory feedback loops play central roles in sustaining 
life under obviously nonhomogeneous conditions. Under such 
far-from-equilibrium reaction conditions, provided in the 
laboratory by propagating R-D and flow environments or the 
presence of droplets, vesicles and micelles, replicating systems 
can overcome the inherent limits that are placed on selection 
processes in networks operating under homogeneous closed 
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conditions. Through this change, synthetic replicators can 
progress towards the emergence of complex behaviour, such as 
selective formation of one species over another from a mixture 
of competing replicators. The second critical step in bridging 
the gap between synthetic replicators and living systems, which 
are characterised by a state of dynamic kinetic stability15a,117 
and integrate replication with metabolism and 
compartmentalisation, will require the field of artificial 
replicators to apply the bottom-up approach to the construction 
of systems that couple4b,5a,7a,118 replication phenomena with 
metabolic and boundary subsystems. Subsequently, these two 
changes will serve as a framework for the design of replicating 
systems that are susceptible to and capable of spontaneous 
mutation. The coupling of such systems to destructive 
processes under non-equilibrium conditions should, ultimately, 
enable the creation of systems capable of moving beyond 
simple information transfer, towards environment-dependent 
artificial replicators that can undergo open-ended4b,5a,7a 
evolution. It is inevitable that these changes and increases in 
complexity, although from the bottom-up, will be accompanied 
by increasingly difficult challenges when it comes to the 
tractability of the experimental systems. For this reason, our 
experimental progress and capacity to translate between theory 
and practice will be tied closely not only to the advances in 
technology and analytical techniques, but will also rely 
significantly on computational tools18,71a,71b,119 and scientific 
collaborations. Ultimately, whilst preserving the importance of 
characterising all individual components and their interactions 
and reactions, these avenues of research will be at the core of 
driving our understanding of the key interplay between 
replication phenomena, other reaction processes and the 
environment, which underlies the progress towards more 
complex outcomes in terms of behaviour in synthetic 
replication networks. 
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noted that the concept of kinetic effective molarity (EMkinetic) 
discussed in this review is not directly comparable to the values 
of ε reported in the literature for replicating systems (some of 
which are quoted in this review). Values of EMkinetic are derived 
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