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Many open questions about the origins of life are centred on the generation

of complex chemical species. Past work has characterized specific chemical
reactions that might lead to biological molecules. Here we establish an
experimental model of chemical evolution to investigate general processes
by which chemical systems continuously change. We used water as a chemical
reactant, product and medium. We leveraged oscillating water activity
atnear-ambient temperatures to cause ratcheting of near-equilibrium
reactions in mixtures of organic molecules containing carboxylic acids,
amines, thiols and hydroxyl groups. Our system (1) undergoes continuous
change with transitions to new chemical spaces while not converging
throughout the experiment; (2) demonstrates combinatorial compression
with stringent chemical selection; and (3) displays synchronicity of molecular
populations. Our results suggest that chemical evolution and selection can
be observed in organic mixtures and might ultimately be adapted to produce
abroad array of molecules with novel structures and functions.

Around four billion years ago, prebiotic chemistry established the molec-
ular keystones of biology, paving a path to life"”. Chemical and geological
processes on the ancient Earth®~ increased the complexity of organic
molecules, ultimately creating RNA, DNA, protein, polysaccharides
and membrane-forming amphiphiles. Environmental energy was used
in prebiotic formation of complex biopolymers, to establish the roots
of biology. Prebiotic chemistry presents some of the most fascinating,
important and difficult questions in the field of chemical sciences®™.
These questions centre on the nature of the chemistry that led to biology.

Some advances in our understanding of prebiotic chemistry
come from systems chemistry” ', dynamic combinatorial chemistry
(DCC)*** and models of self-organization®*. These approaches sug-
gest that molecular heterogeneity of reactants promotes complex

behaviours®. Dynamic combinatorial chemistry has achieved host-
guest functionality”*, elaborate folds? and self-replication’®. Mecha-
nistic information has been revealed by mutually catalytic systems™
and reproducing catalytic micelles”. Auto-catalytic production of
macrocycles has been used for selecting molecules®*?'.

When subject to wet-dry cycling®*?, certain chemical mixtures
undergo striking changes in composition that seem relevant to the ori-
gins of life. Molecules can condense-dehydrate to form oligomers during
thedry phase, and partially hydrolyse into smaller fragments during the
wet phase. Glucose oligomerizes during wet-dry cycling to form oligo-
saccharides™; hydroxy acids oligomerize during wet-dry cycling to form
polyesters*¢;and mixtures of hydroxy acids, mercapto acids and amino
acids formoligomers that contain ester, thioester and amide bonds™ .
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Fig.1| Peptide bonds are formed catalytically. a, The bond linkages viawhich
polypeptides, polyesters, depsipeptides and thiodepsipeptides are formed.

b, Progressive exploration of different chemical spaces during chemical
evolution of mixtures containing hydroxy acids, mercapto acids and amino acids.
Thioesters, formed by condensation-dehydration reactions between mercapto
acids, are converted to esters by thioester-ester exchange with a hydroxy acid,
which are then converted to amides via ester-amide exchange with an amino acid.
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Fig.2|Nine chemical components were used to investigate chemical
evolution. The MFP Set 3 components include adenine, glycerol, uniformly
BC-labelled glucose, decanoic acid, glycolic acid, glycine, thioglycolic acid, urea
and magnesium chloride (not shown).

Wet-dry cycling can build depsipeptides of select sequences*’

or amphiphiles composed of amino acid esters*’. Cycling mixtures of
amino and hydroxy acids, or diverse organic molecules, has resulted
inemergence of function (hydrolase activity)*>*. Chemical spaces are
progressively explored viawet-dry cycles: first, monomers are linked
to form esters (or thioesters), which are then converted to amides via
ester (or thioester) aminolysis (Fig. 1)***.

Aprimary goal of our study here was to use wet-dry cycling to estab-
lish an experimental model of chemical evolution. Our experiments: (1)
use water asthe medium, and as achemical reactant or achemical prod-
uct; (2) cycle water activity to oscillate driving forces; (3) use near-ambient

temperatures; and (4) use complex mixtures of reactants that are ‘con-
nected’,inthat each molecule can react with all other molecules. Mono-
mers condense into oligomers in the dry phase and partially hydrolyse
inthe wet phase. Products are selected first on condensation-dehydra-
tion chemistry, then on ester-amide exchange and then on resistance
hydrolysis. Some products such as peptides are kinetically trapped and
canpersist as high-energy species during the wet phase. Environmental
energyis converted to chemical energy. Itis possible that suchrecursive
processes contributed to the rise of biology from chemistry.

Our reactant mixtures are defined as complex if they contain
diverse functional groups that can link via many chemical reactions
to form very large numbers of products. Our initial mixture contains
ahydroxyacid,anaminoacid, amercaptoacid, urea, analdohexose, a
triol,anamphiphiliclong-chain carboxylicacid, apurine and ahydrated
divalent cation.

We observe novel outcomes from our experimental model. Our
system continuously chemically transforms throughout the course of
the experiment, does not combinatorially explode and demonstrates
synchronized changesin populations of various chemical species. The
results suggest that our model of chemical evolution can be extended
and adapted to generate complex and useful molecules.

Results

The experimental platform

The primary focus of thisreport is the nine-component mixture (Fig. 2,
MFP Set 3). However, experiments were performed with a variety of mix-
tures containing two-, three-, four-, five-, six-, nine- or 25-components.
The mixtures are nested, in that subset mixtures omit reactants from
parent reaction mixtures but do not include reactants not found
in the parent mixture. Specifically, each two-, three-, four-, five- or
six-component mixture is a subset of the nine-component mixture,
whichis asubset of the 25-component mixture.

Bothsingle-step dry-downreactions and wet-dry cycling reactions
were performed. Reactions were conducted under anoxic conditions
at45° C, with the exception of experimentsinvestigating temperature
dependence. Wet-dry cycling experiments took two days per cycle
and were not fed with fresh reactants. Aliquots were taken after each
cyclefor C18-HPLC-UV-Vis, LC-MS and NMR analysis (Supplementary
Figs.1-44). The 15-cycle wet-dry cycling of the nine-component mix-
ture wasreplicated five times (Supplementary Figs.1and 2). Chemical
characterizationis summarized in Supplementary Table 1. Sections of
HPLC chromatograms are shown in Fig. 3. Single-step dry-down reac-
tions, with similar mixtures, were conducted for three days. Figures 4
and 5, and Supplementary Figs. 6,7 and 9 show HPLC chromatograms
fromsingle-step dry-down reactions.

Continuous chemical change

Therealization of continuous changeisindicated by inspection of chro-
matograms and by quantitation of rate of chemical change (Fig. 3c).
We define chemical change by the net differences in concentrations
between contiguous wet-dry cycles. The rate of change (R) is:

IN
R=jo o

|PC+1 Pcl

_— 1
max (PC+1 P ) @

where Nis the number of chemical species, and P{ is the concentration
of speciesiat cycle c. The absolute value in equation (1) accounts for
eitherincreasing or decreasing concentrationin anequal manner. The
max() term in the denominator normalizes R such that it varies from
0to1, where O indicates no change and 1 represents complete trans-
formation (maximal change detected). The concentration of each spe-
cies is estimated by peak integral in HPLC chromatograms. This
approximation does not account for differences in extinction coeffi-
cients. The experimental rate of change over 15 cycles—estimated from
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Fig.3|Chemical change is observed during wet-dry cycling. a, HPLC
chromatograms of cycles 0,3 and 15 of the nine-component mixture. Regions
of chromatograms in boxes (i), (ii) and (iii) are enlarged inb. b, Top: an
enlargement of select regions of the chromatogram showing all 15 cycles.
Bottom: superimposition of common regions of the chromatograms of cycles

0,3 and 15. Peaks partition into synchronous groups A, B, C, D or E by trajectory
of population change. ¢, Rate of change (R) over 15 wet-dry cycles of the nine-
component mixture at 210 nm. Ris defined in equation (1), and is calculated using
datafrom five independent replica experiments. Data are presented as mean
values +s.e.m.

equation (1)—isshowninFig.3c. Therate of change, R, was initially high
and tended to a constant non-zero value after around five cycles. The
system was evolving (changing) at an approximately constant rate
from cycles 5through15. Although Rremained relatively constant after
cycle 5, the chemical composition of the system continuously changed
duringeach of the15cycles. Every chromatogramis different from the
flanking chromatograms. The system does not seem to converge after
15 cycles. The data show that the difference between cycles 14 and 15
was equivalent to differences between earlier pairs of contiguous
cycles.

Combinatorial compression

Complex or even relatively simple mixtures undergoing chemical
transformations tend to combinatorically explode'**~°, Chemical
reactants that can combine in multiple ways can form many products.
The formose reaction, for example, produces a very large number of
carbohydrate species®*'.

Inour experiments we were surprised to observe that the number
of products (above the limit of detection) remains small and does not
scale with the number of reactants. The number of products is not
exponential—or even additive—with the number of reactants (Fig. 4).
By contrast, a modest increase in temperature causes the number of
productstoexplode (Fig. 5). We use the phrase 'combinatorial compres-
sion'todescribe several interconnected phenomena. Acombinatorially
compressed reaction generates few product species from numerous
diverse reactants. The number of product species does not increase
with the number of reactants. Moreover, addition of reactants causes
subtraction of products (Fig. 4); initiation of areaction with the addi-
tion of new reactants leads to the formation of new products and the
disappearance (subtraction) of other products.

More specifically, combinatorial compression was observed by
comparing single-step dry-down reactions of a nine-component mix-
ture with various two-, three-, four-, five- and six-component subsets of
the nine-component mixture (Fig. 4a-c and Supplementary Fig. 6). For
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Fig. 4| Combinatorial compression is observed at low temperature.

a, Asingle-step dry-down reaction of a two-component mixture of thioglycolic
acid and glucose reveals seven primary product peaks. b, A single-step dry-
down of atwo-component mixture of glycolic acid and glycerol reveals eight
primary product peaks. ¢, A single-step dry-down reaction of a nine-component
mixture thatincludes thioglycolic acid, glucose, glycolic acid and glycerol, plus
additional components, results in only 11 primary product peaks. Asterisks
indicate product peaks present in the two-component mixtures but absent from
the nine-component mixture. All single-step dry-down reactions were conducted
for 72 h.d, A chromatogram of the nine-component system after 15 wet-dry
cycles. e, Achromatogram of the 25-component system after 15 wet-dry cycles.
Asterisks indicate peaks presentin the nine-component system but absent from
the 25-component system. Product mixtures were separated using C18-HPLC.
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f, Observed and theoretical number of products from single-step dry-down
reactions at 45 °C. Data are shown for one-, two-, three-, four-, six-and nine-
component experiments. The theoretical number of products was calculated
for length <4 (that s, only for dimers and trimers), assuming no branching, and
with each permutation (that is, sequence) being distinct. The theoretical number
of productsis an underestimate because oligomers longer than trimers, and
products formed by species reacting through more than two functional groups
(possible for species such as glycerol and glucose), were not counted. We have
made multiple independent measurements and report mean values + s.e.m.
g,Normalized peak counts in HPLC and 'H NMR during wet-dry cycling of the
nine-component system. The relative number of chemical species inferred by
chromatography is consistent with the number of chemical species inferred
by'HNMR.

example, thesingle-step dry-down of glucose and thioglycolic acid gave
seven peaks (Fig.4a), whereas the single-step dry-down of glycolic acid
withglycerol gave eight peaks (Fig. 4b). This givesfifteen distinct peaks
for these two different two-component reactions. The nine-component
mixture—which contains all four of these components, plus an addi-
tional five components—gives only eleven primary peaks (Fig. 4c). Ten
of the fifteen peaks observed in both of the two-component systems
are absent (were subtracted) from the nine-component reaction. A
comparison of these threereactions reveals the general phenomenon
inwhich addition of reactants causes subtraction of products.
Combinatorial compression is also observed during wet-dry
cycling. The nine-component MFP Set 3 mixture is a subset of the
25-component MFP Set 4 mixture. After 15 wet-dry cycles, many
product peaks of the nine-component system are absent from the
25-component reaction (Fig. 4d,e). Ten of the 30 product peaks
observed in cycle 15 of the nine-component system are absent from
the 25-component mixtures, which contained 34 product peaks

in total. Only 20 product peaks are shared between the two sets of
reactions.

The balance between combinatorial compression and explosion
is temperature dependent. Chromatograms of single-step dry-down
reactions from three-, five- and nine-component systems from 25 °C to
85°C are shown in Fig. 5. The results are dramatic. All three systems are
compressed at low temperatures (<45 °C) and the number of product
peaksremains smallinthe three-, five-and nine-component systems. By
contrast, high temperatures (=55 °C) cause anexplosion in the number of
productsinthe systems, with the five-and nine-component systems show-
ingbroad peaks, consistent with a very large number of product species.
The nine-component systemhas abroader peak thanthe five-component
system, consistent with a greater diversity of product species.

Population synchronicity
We define population as the number of molecules of a chemical spe-
cies; trajectory as the population change over wet-dry cycles; and
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Fig. 5| Combinatorial compressionis observed at low temperatures while
combinatorial explosion is observed at high temperatures. a-c, HPLC
chromatograms of single-step dry-down reactions of three- (a), five- (b) and
nine-component (c) systems. These nested mixtures were dried for three days
under anoxic conditions over a range of temperatures. The HPLC chromatogram
is displayed onalx scale from 0-10 min, and a 5x scale from10-20 min. a, Three
components: thioglycolic acid, glycolicacid and urea. b, Five components:
thioglycolicacid, glycolicacid, urea, glycine and glucose. ¢, Nine-components (MFP
Set 3). The number of peaks, as well as the broad peak seen at high temperature,
signifies the formation of alarge number of product species at high temperatures.
Thebroad peak at high temperature moves to greater retention time (indicating
more hydrophobic species) as the number of components increases. The peaks on
the left—which elute before 5 min—are predominantly starting materials.

synchronicity as the similarity between trajectories of multiple spe-
cies. We used a clustering algorithm®>* to partition trajectories into
well-defined synchronous groups A-D (Fig. 6), and E (Supplementary
Fig.4).Group A's peaks correspond to starting components plus their
immediate condensation products that form before the first dry-down

cycle**. These peaks decrease rapidly during the early cycles. Group B's
peaks sharply increase in population during cycles1-3 and fall during
cycles 4-15. Group C's peaks increase during cycles 1-5 and remain
nearly constant during cycles 6-15. Group D's peaks formin cycle 3
and then steadily increase through cycle 15. Finally, group E's peaks
remain nearly constant over 15 cycles. Adendrogram depicts hierarchi-
calrelationships within and between the groups (Fig. 6e).

Analysis of complex chemical systems

As discussed by Mamajanov and colleagues'’, complex chemical sys-
tems impose analytical challenges; however, extensive information
regarding the nature of the products and their changes over cycles
here was gathered by combining various analytical techniques such
as LC-MS, HPLC, NMR and UV absorbance (Supplementary Table 1).
The concordance of relative peak counts by 'HNMR and HPLC (Fig. 4g)
supports the utility of our peak-counting approach for quantitating
the number of species. We observe that the number of peaks remains
constant after cycle 3 but the chemical composition—as indicated by
peak position and amplitude—does not. Our chromatography tech-
nique focused on hydrophobicity-based separation, in which reso-
lution is poor for hydrophilic species. However, due to the chemical
reactions anticipated (for example, the formation of thioester, ester
and amide bonds), we expected that most of these product peaks will
be well resolved in our analytical separation, an expectation that has
been met based on peak shape and deconvolution analysis.

Some components of the nine-component system are more
reactive than others. The nucleophilicity of sulfur is greater than that
of oxygen, and thiols are better nucleophiles than hydroxyl groups.
Accordingly, thioglycolic acid is more reactive than glycine®. These
differences explain why initial products were observed that con-
tained linkages to thioglycolic acid (peak with retention time of 8 min
in Fig. 3b). By contrast, concentrations of unreactive species such as
decanoicacid and adenine remained constant throughout the wet-dry
cycling experiment (Supplementary Fig. 18).

Discussion

Inthis article we have established an experimental platform for study-
ing and understanding chemical evolution based on wet-dry cycling.
Our working definition of chemical evolution is continuous chemical
change with exploration of new chemical spaces and avoidance of
equilibrium. In our model, prebiotic chemical evolution is a specific
example of ageneral phenomenon. In this work we have not prioritized
prebiotic molecules as input and have not targeted biomolecules as
output. Ourintent was to enable continuous change without steering
the system to preconceived molecular targets.

To explore wet-dry cycling, we used chemical species whose
reactivity—in both thermodynamic and kinetic senses—is expected
to be dependent on water activity. These species can covalently link
and delink via reactions that release and absorb water, respectively.
Component libraries used as inputs in our experiments are therefore
connected in the sense that each member can in principle react with
all others via functional groups such as hydroxyl groups, carboxylic
acids, thiols and amines.

Using connected mixtures and low temperatures (<45 °C), we have
characterized reactions driven by wet-dry cycling. The results suggest
that chemical systems can: (1) undergo continuous change while avoid-
ingequilibrium; (2) exhibit combinatorial compression and population
synchronicity; (3) transition to new chemical spaces, from monomers,
to thioesters and esters, to amides; and (4) transduce environmental
energy inkinetically trapped species. Sofar, continuous change in our
experiments did not require feeding with fresh reactants; an initial
ensemble of components underwent unceasing chemical change dur-
ing environmental cycling throughout the course of the experiment.

We hypothesize that species that form readily but are resistant
to hydrolysis by kinetic trapping can be selected via wet-dry cycling;
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Fig. 6 | Synchronous changes in chemical populations are observed during
wet-dry cycling. a, Group Amolecules collapse in population during the early
cycles. b, Group B molecules reach amaximum population near cycle 3 and fall
over the next12 cycles. ¢, Group C molecules increase in population during cycles
1to 5 and thereafter remain constant.d, Group D molecules begin increasing

in population at cycle 2 or 3 and increase until cycle 15. Group E molecules (not

shown here; see Supplementary Fig. 4) show minimal change in population over
cycles. e, Dendrograms depicting the hierarchical clustering of the changes in
peakintegrals over cycles. Data were obtained by fitting of modified Gaussians to
HPLC chromatograms. Peak assignments are given in Supplementary Fig. 4 and
Supplementary Table1.

their populationsincrease over cycles. Thioesters and esters are read-
ily made during the dry phase and hydrolyse readily during the wet
phase (duetolow activation energies). Amides are formed viaester or
thioesterintermediates during the dry phase, but are hydrolysed very
slowly during the wet phase due to high activation energies. Wet-dry
cycling can selectively grow populations of amides from esters or
thioesters®****>3*_ Although it has not been demonstrated here, we
hypothesize that more prolonged cycling will select for molecules
that fold, assemble and/or co-assemble. These phenomena confer
additional resistance to hydrolysis® and contribute to increasingly
deep kinetic traps. For example, assembled amphiphiles hydrolyse
moreslowly thanisolated amphiphiles®; assembled peptides hydrolyse
more slowly than free peptides®®; and folded RNA hydrolyses more
slowly than unfolded RNA*’.

Water is both the medium of biology and the chemical nexus of
biochemistry®®. Water is by far the most frequent and abundant chemical
reagentinbiology. Between one-third and one-half of known biochemical
reactions involve chemical consumption or production of water, and all
universalbiopolymers and most metabolites are produced by condensa-
tion-dehydrationreactions®’. The centrality of water asboth the medium
and primary reactive species in biology is consistent with amodel in
which water governed chemical evolution during the origins of life. No
other substance known to science can play such active roles as both a
solvent with unique physical properties and as a hyperactive chemical
reagent. During wet-dry cycling, water is a shared reactant, a shared
product, and the reaction medium. Cycling water activity can cause
reactionsto oscillatein direction, and ratchetinenergy and complexity.

Combinatorial compression

The mild temperatures of our reactions account, in part, for the differ-
ences in our results (compression) from many previous approaches
(explosion). For complex mixtures at low temperatures, only asubset
of many possible products is selected. For thermodynamically con-
trolled reactions at 45 °C, a small difference of around 1.5 kcal mol *in
reaction free energies (AAG,,,) gives tenfold selectivity in equilibrium
concentrations®’. Similarly, for kinetically controlled reactions, a differ-
ence ofaround 1.5 kcal molinthe activation free energies (AAG") gives
tenfold selectivity in terms of reaction rates. For kinetically controlled

reactions, the actual concentrations depend on the initial concen-
trations and reaction time. Selection of certain product species over
othersis based on these small differences in reaction free energies or
activation energies. We have observed that the compression/explosion
balance depends ontemperature. The systems tip towards explosion as
the temperature rises, whereas the systems tip towards compression
astemperature decreases (Fig. 5).

Synchronicity

The system here displays synchronicity of trajectories where popula-
tions of groups of moleculesrise and fall together over wet-dry cycles
(Fig. 6). It will be of high interest in the future to apply mass balance
calculations in a closed experimental system and track evolution of
all chemical species.

Ratcheting

Wet-dry cycling causes oscillations between the linkage of components
to form oligomers during the dried phase, and the partial depolym-
erization of oligomers into smaller fragments during the wet phase.
Wet-dry cycling causes chemical ratcheting, where: asystem advances
towards an equilibrium state (but without reaching equilibrium); is
redirected by the environmental cycle toward a different equilibrium
state; and then is redirected again and again. Constant oscillations in
the system seem sufficient to keep the system frustrated and prevent
it from equilibrating. The system moves into progressively deeper
kinetic traps. Itis possible that such processes, continuing overalong
period, contributed to the rise of biology.

Here we assume that chemistry is continuous with biology and
use that continuity to inform our working model of chemical evolution
based on wet-dry cycling. This model maps evolutionary concepts
onto chemical processes. In this model, we say that: (1) a generation
is a single wet-dry cycle; (2) heredity is information passed from one
generationto the next; (3) informationis associated withnon-random
chemical composition; (4) selection results in inheritance of certain
molecular species over generations; (5) fitness confers persistence
(thatis, survival) of molecules and specific molecular assemblies; and
(6) waterisan energy currency thatlinks reactions and, upon changing
activity, alters reaction free energies.
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Future prospects

As noted by Francois Jacob: "the really creative part in biochemistry
must have occurred very early"®. Biopolymers are some of nature’s
most creative accomplishments. We do not yet know if wet-dry cycling
can create proto-biological structures and functions. What happens
after 150 cycles or 15,000 cycles? What happensif we feed the system?
What happens if we switch less reactive components to more reactive
analogues, increase chemical diversity of the reactants, or change their
concentration, or the cycling frequency? In the next series of experi-
ments, currently in progress, these issues will be explored.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-025-01734-x.
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