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Chemical Fueling Enables Molecular Complexification of Self-

Replicators™*

Shuo Yang, Gael Schaeffer, Elio Mattia, Omer Markovitch, Kai Liu, Andreas S. Hussain,

Jim Ottelé, Ankush Sood, and Sijbren Otto*

Abstract: Unravelling how the complexity of living systems
can (have) emerge(d) from simple chemical reactions is one of
the grand challenges in contemporary science. Evolving
systems of self-replicating molecules may hold the key to this
question. Here we show that, when a system of replicators is
subjected to a regime where replication competes with
replicator destruction, simple and fast replicators can give
way to more complex and slower ones. The structurally more
complex replicator was found to be functionally more profi-
cient in the catalysis of a model reaction. These results show
that chemical fueling can maintain systems of replicators out of
equilibrium, populating more complex replicators that are
otherwise not readily accessible. Such complexification repre-
sents an important requirement for achieving open-ended
evolution as it should allow improved and ultimately also new
functions to emerge.

Introduction

Life can be considered as an emergent property of a highly
complex chemical system. Establishing how chemical systems
can complexify to the point that life emerges is among the
grand challenges in contemporary science. In the different
approaches to this question,™ self-replicating systems?~
play an essential role. The heritability associated with self-
replicating systems enables Darwinian evolution,!'*!!l which
has proven to be a powerful mechanism for complexification.
However, in many experiments on the evolution of replicators
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the opposite was observed: replicators have a tendency to
become smaller as smaller replicators tend to be replicated
faster.”” Nonetheless, complexification is essential in the
transition of chemistry into biology, as the continuous
invention of new functions is likely to require systems of
increasing complexity.?!

The transitions from non-living matter to primitive life to
evolved life are associated with an increase in molecular
complexity and ordering. Producing a state of local ordering is
entropically costly and can only occur if it is coupled to and
accompanied by a larger increase in the entropy of the
surroundings. A living organism is able to reach and maintain
its complex entropically disfavored and far-from-equilibrium
state by coupling its internal organization to chemical
processes that are producing entropy externally, like the
burning of a fuel. Inspired by this mechanism, we reasoned
that the chemical fueling of a process of self-replication
should enable the molecular complexification of the repli-
cator.

Chemical fueling has been utilized to achieve dissipative
self-assembly,'*? to drive micellization-driven physical au-
tocatalysts out of equilibrium,*"! and to create bistability in
replicator networks.””! No molecular complexification was
observed in these fueled systems.

Chemically fueled replication may be implemented by
creating a regime in which replicator formation competes
with replicator destruction and at least one of these processes
is driven by a high-energy reactant. We decided to test this
important concept of fueled molecular complexification using
a system of fully synthetic replicators (i.e. unconstrained by
canonical biochemistry or considerations of prebiotic rele-
vance). We previously reported a system of self-assembly
driven self-replication® 2’ that could potentially be subjected
to a chemically fueled replication—destruction regime. In
brief, oxidation of dithiol building block 1 yields a mixture of
disulfides of different ring sizes that interconvert through
disulfide exchange.™ If rings of a specific size are able to self-
assemble by stacking into fibers, this stabilizes this ring and
the composition will change to produce more of the very ring
that assembles, resulting in self-replication (Figure 1 A).
Mechanically induced breakage of the fibers increases the
number of ends from which the fibers grow, enabling
exponential growth™ of the replicator. We now report that
chemically fueling a system in which two differently sized
replicators compete for a common building block results in
the population of the replicator with the highest molecular
complexity,**? even though the more complex replicator
replicates slower than its competitor.
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A UPLC peak areas can be used to quantify the
relative amounts of 1 in the different replicators
since the molar absorptivity of a unit of 1 was
_— = o found to be independent of the ring in which it
resides (SI Figure S8). Analysis by transmission
oxidation of dithiols slangation electron microscopy (TEM) revealed that 1,
to cyclic disulfides assembled into fibrous aggregates (Figure 2B).
The autocatalytic nature of the replication
-’ - =" ’ process was confirmed by seeding the sample
'\'fXCha"g / fragmentation with various amounts of trimer, which was
found to accelerate trimer production (Fig-
4 $ ure 2C and SI Figure S4A-C).
This system was an attractive candidate to
nucleak target fueling-driven replicator complexifica-
tion, as previous work has shown that building
block 1, in the absence of guanidinium chloride,
gives rise to a more complex replicator, featur-
ing larger six-membered rings (15).””! We con-
firmed through seeding experiments that the
horata latter was also able to replicate in the presence
of 1.5M guanidinium chloride (Figure 2D and
NaBOs Yo replication SI Figure S4D-F; see SI Figure S3B for data at
2 different guanidinium chloride concentrations),
albeit less efficiently than in the absence of
guanidinium chloride.”” We currently do not
understand why the trimer replicator is favored
in the presence of guanidinium chloride. We did
investigate whether this impediment of hexa-
mer replication was related to the known
tendency of guanidinium chloride to disrupt
the secondary structure of proteins. However,
thioflavin T fluorescence experiments showed
that guanidinium chloride diminished the ex-
. ) . . o o tent of -sheet formation in hexamer stacks and
Figure 1. Schematic representation of assembly-driven self-replication in a replication— . .. .
destruction regime. A) Mechanism of self-replication. Dithiol building block 1 is oxidized to trimer stacks to similar extents (see SI Fig-
give rise to a mixture of interconverting disulfides of different ring size. Slow nucleation of ure S5).
a stack of one particular ring size is followed by elongation of the stack. When the stack is The rate of replication of 1; in the presence
sufficiently long to be susceptible to mechanical energy the system enters a breakage— of guanidinium chloride was smaller than that
elongation cycle leading to exponential growth of the fibers and the macrocycles from of 1;. This difference was evident from experi-
whi-ch they are constituted. B) Simpliﬁed represent-a.tion of the replication—destruction ments in which both replicators competed for
regime achlevgd .upon.cgnstant 5|r.nultaneovus add|t|o.n of omdfint and reductant. NaBO, common resources in the presence of oxygen
oxidizes the dithiol building block into a mixture of different disulfide macrocycles, from . . . .
which two competing replicators can grow. TCEP reduces the disulfides in the non- from the air (Figure 3A), where trimer repli-
assembled macrocycles as well as in the assembled replicating macrocycles back to the cator dominated. We also compared the rate of
thiol building block. The thickness of the arrows indicates the magnitude of the fluxes (in replication of trimers and hexamers separately
units of 1) through the various pathways in a kinetic model of the reaction network by mixing pre-formed replicator with monomer
(SI Section S5). The flux through the short-circuiting reaction of perborate with TCEP (not 1, immediately followed by adding perborate
shown) accounts for less than 0.1% of the total flux. (the oxidant used in the fueled replication
regime; see below). The trimer replicator was
Results and Discussion able to consume essentially all the monomer
before oxidation was complete (whereupon replication halts),
Comparing the Replication Rate and Thermodynamic Stability of ~ while the hexamer replicator did so only partially (SI
Replicators 1, and 1, Figure S1). Thus, the activation barrier that separates the
building blocks from the replicator is higher for replicator 14
We discovered that building block 1, when oxidized by  than for 1; (i.e. AG™ o 16> AG™ i 43 as shown qualitatively in
oxygen from the air in the presence of guanidinium chloride,  Figure 4 A) This difference in replication rate is most likely
gives rise to self-replicating cyclic trimers. Their spontaneous  a result of trimer fibers being more fragile than hexamer
emergence from a mixture of interconverting macrocycles  fibers (trimer stacks are held together by maximally three {3-
was monitored over time using ultra performance liquid sheets while hexamer stacks can form up to six p-sheets),
chromatography (UPLC) analysis (Figure 2A). Note that leading to more fiber ends for trimers than for hexamers
Angew. Chem. Int. Ed. 2021, 60, 11344—11349  © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org 11345
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Figure 2. Self-assembly-driven self-replication of 1; and 1. A) Change
in product distribution with time of a mixture made from dithiol
building block 1 (0.19 mm) in borate buffer (pH 8.2) in the presence of
2.5 M guanidinium chloride. B) TEM analysis of the mixture dominated
by trimers after shaking at 1200 rpm at room temperature for two
weeks (scale bar=200 nm); Change in product distribution with time
of a pre-oxidized sample made from 1 (0.19 mwm) in borate buffer

pH 8.2 in the presence of 1.5 M guanidinium chloride in the absence
and presence of various initial amounts of seeds of C) 1; replicator
and D) 1 replicator. Seeding % are expressed in units of 1 relative to
the total number of units of 1. Note that the data in (C) and (D)
cannot be compared directly as the experiments are started at different
oxidation levels (see Sl Figure S4 for details). Lines are drawn to guide
the eye.

(evident from a fiber length analysis; see SI Figure S6). We
know from previous work?’! that the rate of replication is
directly proportional to the number of fiber ends.

Assessing the relative thermodynamic stabilities of both
replicators proved difficult. When both replicators compete
for common resources, in the absence of chemical fueling, 1;
grows where 1, diminishes (Figure 3 B), which would suggest
that the trimer replicator is the thermodynamic product. To
probe the extent to which mechanical energy influences the
above outcome, control experiments were conducted in the
absence of agitation. Experiments on diluted samples (to
prevent assembly into long fibers for which exchange is
slow") confirmed the growth of trimer fibers. However, the
fact that the amount of hexamer replicator only diminishes to
a small extent (see SI Figure S7 and the discussion below this
Figure) makes it difficult to draw a firm conclusion.

Thus, 14 is both a slower replicator and does not grow
under conditions that would favor the formation of the
thermodynamic product. Populating this replicator under
conditions in which only replicator formation takes place (the
experimental regime used in the vast majority of studies on
self-replication) is impossible. Yet, populating 1 should
become feasible in a regime in which both replicator
formation and destruction take place, provided that the
destruction of 15 is faster than the destruction of 1.
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25 0 10 20 30 40 Figure 3. Comparison of the growth and/or decline of replicators 1,
Time (Hours) Time (Hours) and 1, under different conditions. A) In a mixture of replicators 15 and

16 and non-assembled 1; and 1, macrocycles (in a 15:30:55 ratio in
units of building block) 1; replicates faster than 14. The 0.50 mL
sample was shaken at 1200 rpm in the presence of oxygen from the
air. B) Change in product distribution with time of a mixture made
from replicators 1; and 14 (approximately equimolar in units of 1) in
1.5 m guanidinium chloride in the presence of 10 mol % dithiol 1.
Total [1]=0.19 mm. C) Decrease in UPLC peak area of replicators 1,
(blue triangles) and 1, (red circles) and corresponding increase in
peak area of monomer 1 (black squares) upon reduction of a mixture
of these replicators (0.095 mm each in units of building block 1) to
different extents by adding 8, 20, and 40 mol % TCEP (with respect to
units of 1). Error bars show the standard deviations of three
independent repeats. For a statistical analysis, see S| Section S4.5.
Note that hexamer-to-trimer conversion is insignificant on the time-
scale of the reduction experiments. All samples were prepared in
borate buffer (50 mm, pH 8.2) containing 1.5 M guanidinium chloride.
Lines in (A) and (B) are drawn to guide the eye.

Molecular Complexification in a Chemically Fueled Replication—
Destruction Cycle

A destruction reaction was readily implementable since
disulfide bonds can be reduced cleanly to thiols using
tricarboxyethylphosphine (TCEP; Figure 1 B). We investigat-
ed the relative rate of destruction of replicators 1; and 14 in
a competition experiment in which equimolar amounts of 1;
and 1, were subjected to increasing concentrations of TCEP.
These experiments were started in the presence of non-
assembled trimer and tetramer to shorten the time to reach
a stationary state. The results (Figure 3C) show that 15 is
indeed more rapidly reduced than 1. Thus, the kinetic barrier
for reduction of 1, is higher than that for the reduction of 1; as
shown qualitatively in Figure 4 A (AG™ 45y > AG™ 41(3))- This
difference can be attributed to the fact that fibers of 15 are, on
average, shorter than those of 1 (see SI Figure S6) and
therefore offer more fiber ends where the reaction with TCEP
takes place.*)

An important advantage of destroying the replicator by
reduction is that this reaction re-generates block 1 from which
the replicator originated. This characteristic allowed us to
design a protocol in which an oxidation/replication process

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 11344—11349
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Figure 4. Population of a disfavored and slow replicator is possible in
a chemically fueled replication—destruction regime. A) Potential energy
landscape in which replicators 1; and 1 compete for building block

1 qualitatively showing the energy barriers for the replication (black
line) and destruction (blue line) pathways. The formation of each
replicator from building block 1 is coupled to the conversion of oxidant
(ox) into waste (w), while the disassembly of replicators back into
building block is coupled to the conversion of reducing agent (rd) into
waste. It proved hard to unambiguously determine the relative
thermodynamic stability of replicators 1; and 1¢; see Sl Figure S7 and
the discussion below this Figure. B) Evolution of the product distribu-
tion with time upon continuous and simultaneous addition of TCEP
and NaBO; solutions to a mixture initially containing replicators 1,
and 14 and non-assembled 1, 1; and 1, (overall 0.19 mm in 1) in

50 mwm borate buffer (pH 8.2) containing 1.5 m guanidinium chloride.
The black arrow indicates the moment that the addition of NaBO; was
stopped. Lines are drawn to guide the eye. Five repeats of this
experiment show that the behavior is qualitatively reproducible (see

S| Figure S2).

takes place concurrently with TCEP-mediated replicator
destruction. As oxidation mediated by oxygen from the air
is relatively slow, we used sodium perborate (NaBOs) as
oxidant instead. Hence, the continuous additions of oxidant
and reductant should result in a replication—destruction
system in which the building block of the replicator is
continuously recycled (Figure 1B). Note that the process of
formation of the replicators from building block 1 (through
the non-assembled 1; and 1, as intermediates) and their
subsequent destruction back into the same building block are
mediated by specific reactants (perborate and TCEP, respec-
tively). This process is therefore not an equilibrium reaction,
but rather an out-of-equilibrium chemical cycle, fueled by
oxidant and reductant (see Figure 1B).

The resulting replication—destruction system contains
several competing reduction and oxidation pathways. In
order for the fuels (i.e. perborate and TCEP) to be coupled

Angew. Chem. Int. Ed. 2021, 60, 11344—11349
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to the replication process it is essential that the replicators are
continuously formed and broken down. Yet competing path-
ways exist in which perborate and TCEP mediate the
formation and cleavage of non-replicating disulfide rings
(mostly non-assembled 1; and 1,) or in which the two fuels
react directly with each other. In order to assess the relative
contributions of these competing pathways we developed
a kinetic model. First, we determined the majority of the
involved rate constants and reaction orders experimentally,
including the rates of perborate-mediated thiol oxidation and
TCEP-mediated disulfide reduction, as well as the rate of the
short-circuiting reaction between perborate and TCEP and
the selectivity of the oxidant and reductant in producing and
consuming replicator (relative to producing/consuming the
non-assembling macrocycles). We also determined the kinetic
order in the different reactants. Details are provided in
SI Section S4 and the results are summarized in SI Table S3.
We used these experimentally determined data to parameter-
ize a kinetic model, with which we analyzed the reaction
fluxes through the various competing pathways. This model
was first validated and found to adequately reproduce the
experimentally observed dominance of trimer replicator in
the absence of fueling, shown in Figure 2A (see SI Fig-
ure S23A for the modeled behavior). The model allowed
concentrations and rates of addition to be identified in which
the oxidation and reduction fluxes go to a significant extent
through the replicators. Furthermore, the model suggests that
under the identified conditions, short-circuiting by direct
reaction of perborate with TCEP occurred only to a minor
extent (accounting for <0.1% of the added oxidant and
reductant). The flux through reduction and re-formation (by
oxidation) of non-replicating small macrocycles (0.4 %) was
considerably smaller than the flux through the two replicator
(together 99.6 % ). The fluxes through the different pathways
obtained from the kinetic model are shown graphically by the
thickness of the arrows in Figure 1 B. Details of the model are
provided in SI Section S5.

We then set up replicator competition experiments under
conditions of concurrent perborate and TCEP fueled repli-
cator formation and destruction. Specifically, we prepared an
agitated mixture prepared from replicators 1; and 1 and non-
assembled small macrocycles (predominantly 1; and 1,) in
a 15:30:55 ratio in terms of building block units (total
concentration of 0.19 mm in 1). TCEP and perborate redox
reagents were infused simultaneously by separate syringe
pumps. In order to compensate for the higher reactivity of
TCEP the rate of addition of NaBO; was double that of TCEP
for the first 4 hours of the experiment. Subsequently both
reagents were added at the same rate in order to maintain
a steady oxidation state. By the continuous addition of
2.5 uLh™! of both reagent solutions (19 mm) into a 0.50 mL
volume of replicator solution we achieved a nominal redox
turnover time of 2 hours.

Operating the system in a fueled replication—destruction
regime did indeed result in a steady state in which the slow
and disfavored replicator 15 accounted for 60-70% of the
building blocks in the mixture after 16 hours (Figure 4B and
SI Figure S2). This steady state was maintained for 10 hours,
corresponding to the total addition of 13 equivalents of

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org
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NaBO; and 13 equivalents of TCEP. The fact that population
of replicator 14 occurs out of equilibrium and relies upon the
supply of fuel was evident from the fact that, upon stopping
the supply of fuel, the system reverted back to a replicator
composition that is dominated by 1; (Figure 4B and SI Fig-
ure S2). Note that, when fueling was halted, initially only the
NaBO; supply was stopped while addition of the TCEP
solution was continued for at least 10 more hours (rate of
addition of 5 uLh™") to prevent the excess amount of NaBO,
that is present in the stationary state (and oxygen from the
atmosphere) from completely oxidizing the sample and
thereby freezing the disulfide exchange. Control experiments
confirmed that the build-up of TCEP oxide as a waste product
does not affect the experimental outcome (see SI Fig-
ure S3A). As shown above, performing the experiment of
Figure 4 B without fueling with oxidant and reductant result-
ed in the dominance of replicator 1; (Figure 3 A).

The experimentally observed fueling-induced increase in
the amount of hexamer replicator at the expense of trimer
replicator (Figure 4B and SI Figure S2) was well reproduced
in the kinetic model (see SI Figure S23B).

Achieving a state of dynamic kinetic stability™? (as
opposed to thermodynamic equilibrium) in a system based on
reversible disulfide chemistry is not trivial. The high rate of
the disulfide exchange reaction offers a potentially fast
competing pathway to equilibrium. Our kinetic analysis
showed that disulfide exchange of non-assembled macro-
cycles in solution occurs on the second-minutes timescale
(k=1.08+0.01 x 10* Mm~'s™"; SI Section S4.4). In the kinetic
model the highest flux in the entire network is associated with
the interconversion between non-assembled trimer and
tetramer macrocycles (SI Table S7, reactions 5 and 6). How-
ever, as we showed previously, the rate of equilibration of
disulfides slows down dramatically upon assembly of disul-
fides into stacks.*¥ Indeed, upon stopping the supply of
oxidant and reductant, the equilibration of replicator ring
sizes occurs on the timescale of several days (Figure 4B).
Thus, in the present system assembly is essential to allow
a fueled out-of-equilibrium state to be maintained.

The Molecularly More Complex Replicator is a Better Catalyst

The results above show how chemical fueling enables the
molecular complexification of the replicator, doubling its ring
size. However, complexification is not an end by itself, but
merely an enabler for the emergence of function. Among the
most important functions in the transition from chemistry to
biology is the ability to catalyze chemical reactions. In order
to probe whether the complexification of the replicator
structure enhances catalytic capability, we compared the
abilities of both replicators to catalyze the retro-aldol reaction
of substrate 2 (Figure 5A)*Y as a model chemical trans-
formation. The data in Figure 5B show that replicator 1 is
indeed a more proficient catalyst than its molecularly less
complex competitor 1; and also superior to the activity of
non-assembled small rings (mixture dominated by 1; and 1,)
and building block 1.
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Figure 5. The more complex replicator is a more proficient catalyst.

A) Retro-aldol reaction used as a model reaction to assess the catalytic
proficiencies of the competing replicators. B) Kinetic data, averaged
over three repeats, comparing the production of retro-aldol product 3
catalyzed by replicator 14 (red circles) with the effects of replicator 1,
(blue triangles), a mixture of non-assembled 1; and 1, (green
triangles), and monomer 1 (black squares). The background reaction
in the absence of 1 or any of its oligomers is shown in blue circles and
coincides with the data for the reaction in the presence of 1. The
concentrations of the various species were 25 um (in units of 1) in
borate buffer (50 mm, pH 8.12) containing 1.5 M guanidinium chloride
and 0.20 mm substrate 2. Shaded areas show the standard deviation
and lines are drawn to guide the eye. For a detailed mechanistic
analysis of the retro-aldol reaction catalyzed by 1, see ref. [34]. For

a repeat of the experiment at higher concentrations and temperature
to give a higher conversion, see S| Figure S25.

0 50 100 150 200
time (minutes)

Conclusion

The above results represent the first experimental man-
ifestation of molecular complexification in a replicator pop-
ulation that is not governed by thermodynamic stability or
replication efficiency alone, but rather by, what Pross has
termed, its dynamic kinetic stability.?! Tt extends beyond
previous reports on dissipative systems exhibiting physical
autocatalysis (autopoietic micelle formation)?" in that mo-
lecular information is copied through specific non-covalent
interactions. Furthermore, unlike in the chemically fueled
replication networks reported previously in which one of the
precursors of the replicator was continuously formed and
broken down,”!in the present system the fuel acts directly on
replicator destruction and re-formation. Specifically, the non-
assembled trimers and tetramers are high-energy states in the
present system. Re-populating these from the low-energy
replicator state requires the action of reductant (to convert
disulfide replicators to thiol-containing building blocks and
short linear oligomers) and oxidant (to convert these thiols to
small non-assembled rings from which the replicators can
grow spontaneously). Thus, both oxidant and reductant
mediate the re-population of high-energy states and can be
regarded as fuels.

Fueling enables populating molecularly more complex
replicators that, in the absence of such energy supply, would
not be able to compete with other faster replicators. Such
molecular complexification is made possible by conducting
experiments in a regime where replication as well as
replicator destruction take place simultaneously. Such regime
results in a replicator distribution that is governed solely by
balance between the rates of replication and destruction and
requires an input of (chemical) energy to continuously cycle
material between building blocks and replicators. Notably, in

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 11344—11349
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the present system the molecular complexification of the
replicator is accompanied by improved function; the more
complex replicator is a better catalyst for a model retro-aldol
reaction than its less complex competing replicator. Estab-
lishing the principles that enable molecular complexification
of a replicator clears an important hurdle in the process of the
de-novo synthesis of life, facilitates functional improvement,
and, through that, may eventually enable open-ended evolu-
tion.[®3

Whereas fueling causes the system to increase its molec-
ular complexity, the orthogonal parameter of informational
complexity®! does not immediately increase upon fueling. As
homomeric oligomers cannot contain sequence information,
increasing oligomer length has no direct effect on informa-
tional complexity. However, a higher oligomer (a hexamer in
the present system) has more units that can potentially mutate
than a lower oligomer (the competing trimer in the present
system), and the former therefore has a superior potential for
informational complexification during evolution.

Fuel-driven molecular complexification should be imple-
mentable in any system of replicators that feature, beside the
replication reaction, a path that deconstructs replicators back
into building blocks. In addition, this work is among the first
examples of dissipative self-assembly in which more than
a single bond is formed dissipatively.®’” It also shows that
thiol-disulfide chemistry can be used to access out-of-
equilibrium states, in which synthesis and degradation path-
ways through oxidation and reduction are faster than com-
peting equilibration through thiol-mediated disulfide ex-
change. In the present system the ability to access a fueled
out-of-equilibrium steady state relies critically on the inhib-
itory effect that the assembly of the disulfides into stacks has
on disulfide exchange.
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