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ABSTRACT  

How life can emerge from inanimate matter is one of the grand challenges in science. Self-

replicating molecules are necessary for the transition from chemistry to biology, but they 

need to acquire additional functions in order for life to emerge. Catalysis is one of the most 

essential of such functionalities, but mechanisms through which self-replicators can acquire 

catalytic, and in extension metabolic properties, have remained elusive. Here we show how 

catalytic activity and promiscuity in a self-replicator emerges through co-option: features 

which are selected to benefit replication inadvertently result in an arrangement of chemical 

functionalities that is conducive to catalysis. Specifically, we report self-assembly driven 

self-replicators that promote both a model retro-aldol reaction and the cleavage of FMOC 

groups, with the latter transformation exerting a positive feedback on replication 

(=protometablism). Such chance invention of new function at the molecular level marks a 

pivotal step toward the de -novo synthesis of life.  
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It is generally accepted that life requires the integration of replication and metabolism and that 

metabolism relies heavily on catalysis.1–4
  Hence, catalytically active replicators are an 

important, but until now largely missing, stepping stone in the origin and de-novo synthesis of 

life.5–7 It is commonly thought that during its emergence, life went through a stage where the 

roles of replication and catalysis were shared by a single type of molecule.8,9 For example, one of 

the main arguments in support of the RNA world hypothesis is that RNA can act as catalyst and 

can replicate. Indeed, RNA molecules have been developed that catalyse reactions and RNA 

molecules have been made that can self-replicate, but no synthetic RNA molecules exist yet that 

can do both.10 The central problem appears to be that catalysis requires folding, while replication 

requires an unfolded strand. This raises the question how catalytically active replicators can 

spontaneously arise? After more than 30 years of research on self-replicating molecules, the 

mechanisms that allow the integration of catalysis with self-replication without human 

intervention remain obscure. In search for a mechanism that allows for the autonomous 

emergence of catalytic abilities in self-replicators, we noted that the self-assembly of molecules 

can, in select cases, endow these with new or improved chemical reactivities11–15. By analogy, 

we surmised that a class of self-assembly driven self-replicators that we developed previously 

may well exhibit catalytic capabilities. Specifically, we investigated the replication system made 

from building block 1 (Fig. 1a), which features a small peptide chain (GLKFK) appended to a 

benzene-1,3-dithiol core (=X)16. In brief: in aqueous solution and in the presence of oxygen from 

the air, this building block oxidizes to form a mixture of different sized disulfide macrocycles, 

dominated by trimers 13 and tetramers 14, that interconvert through disulfide exchange reactions 

(Fig. 1b). After an initial lag phase, the hexamer rings (16) assemble into stacks through a 

nucleation-growth mechanism. Assembly of hexamer rings depletes the exchange pool of these 

rings, which get replenished (although we cannot exclude the possibility that the stack ends also 

play a catalytical role in the production of additional hexamer rings). Thus, the increasing the 

number of ends from which the stacks grow, enabling exponential replication17. We 

hypothesized that stacking of 16 would bring the lysine side chains appended to these rings into 

close proximity, thereby lowering the apparent pKa of some of the ε-amines and enhancing their 

nucleophilicity and Brønsted basicity at neutral pH (Fig. 1c). Notably, analogous configurations 

are often found in the active sites of evolved and designed enzymes11,18,19, where ionisable 

groups are positioned in proximity to catalytic residues to increase their reactivity. We further 
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noted that the ε-amines in the replicator fibres are adjacent to hydrophobic leucine and 

phenylalanine residues. It is well established that placing amines in hydrophobic 

microenvironments can enhance their catalytic activity20.  

 

RESULTS 

Retro-aldol catalysis 

To probe the catalytic potential of replicator fibres we first selected the retro-aldol reaction of 

methodol (2, Fig. 2a) and the cleavage of FMOC-glycine (4, Fig. 3a) as model transformations 

that may be accelerated by organocatalysis and Brønsted-base catalysis, respectively.  

The retro-aldol reaction of methodol is catalysed by amines, through iminium ion formation, 

which activates the C-C bond towards cleavage (Fig. 2a)21. While the resulting enamine 

undergoes tautomerization and hydrolysis to regenerate the catalyst, the cleavage also yields 6-

methoxy-2-naphthaldehyde (3), which can be readily quantified by UV/Vis spectroscopy or 

reversed phase UPLC methods. Indeed, when incubating fibres of 16, (50 μM with respect to 

Fig. 1 | Fibre formation from building block 1 creates microenvironments that are conducive to catalysis (a), 

Molecular structure of building block 1. The benzene-1,3-dithiol core is displayed in orange and the peptide chain in 

blue. (b), Mechanism of self-replication driven by self-assembly of hexamer macrocycles 16. A series of oxidation 

(1) and disulfide exchange reactions (2) gives rise to 16. Following nucleation (3) stacking of additional 16 results in 

fibre growth (4) with mechanical energy leading to fragmentation (5), thereby increasing the number of available 

growing stack ends. (c), Fibre assembly brings amines from different building blocks into close proximity (for 

clarity only amines on two of the six stacks of amines are shown). Coulombic repulsion perturbs the apparent pKa of 

some of these amines (in red), thus increasing their nucleophilicity. 
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building block 1) with methodol (200 μM) in borate buffer (50 mM, pH 8.12) at 25 °C, we 

observed the rapid formation of retro-aldol product 3 (Fig. 2b). 

Critically, catalysis is an emergent property of the replicator assemblies, as evident from Fig. 2b, 

which shows that the activity of 16 fibres substantially exceeds that of 1 and a mixture of 13/14 at 

equimolar concentrations of building block (see also Extended Data Figs. 1a-b). We attribute this 

difference to the altered microenvironment and higher local positive charge density that is 

provided by fibres of 16, inducing a larger shift in the apparent lysine pKas (vide infra) as 

compared to the building block or the non-assembled macrocycles. Furthermore, fibres are also 

more likely than the non-assembled molecules to provide a suitable microenvironment and 

binding pocket for catalysis. 

To determine the catalytic efficiency of 16 replicator fibres, we first performed saturation kinetic 

studies and observed an initial burst phase, followed by a slower, steady-state rate for methodol 

consumption (Extended Data Fig. 1c). Such behaviour has previously been observed in designer 

enzymes and ascribed to slow release of the enamine intermediate or product rebinding to active 

sites20. When varying the concentrations of methodol, both regimes displayed saturation (Fig. 

2c), indicative of the presence of a substrate-binding pocket. The kinetic analysis is complicated 

by the fact that the number of catalytically-active lysines (n) is a-priory unknown. To tackle this 

problem, we followed an established approach, comparing analyses performed using an excess of 

substrate to catalyst (Fig. 2c) to those using an excess of catalyst to substrate (Fig. 2d)22,23. 

Fitting data obtained using excess substrate to a Michaelis-Menten model yields a value for KM 

and a composite value for kcat and n, while data at excess catalyst provides kcat and a composite 

term for KM and n (Figs. 2c-d). Hence, a comparison between the kinetic parameters obtained 

under these conditions provides an estimate of the number of active lysines, and the catalytic 

parameters of a single active site (see Supplementary Discussion). Based on this comparison, we 

conservatively estimate that less than 10% of all lysines are catalytically active. This result is in 

line with recent observations indicating that 16 fibres are relatively poorly ordered24 and, 

therefore, likely to provide a spectrum of microenvironments, of which only some appear 

catalytically active. For single active sites on 16 fibres, KM values of 670 ± 140 μM (burst phase) 

and 930 ± 160 μM (steady state) attest on an appropriate substrate-binding pocket. Furthermore, 

we obtained apparent second order rate constants for the burst (b) and steady state (ss) phases of 
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kcat/KM,b = 0.72 ± 0.07 M-1 s-1 and kcat/KM,ss = 0.29 ± 0.02 M-1 s-1. As such, individual active sites 

on 16 fibres outperform non-assembling macrocycles 13/14 by a factor of 106 (burst) and 42 

(steady state) and provide chemical proficiencies (1/KTS = (kcat/KM)/kuncat) of 1.91 x 107 M-1 and 

0.76 x 107 M-1
 for the burst and steady-state phases, respectively. Notably, the kcat/KM values 

exhibited by the replicator assemblies are comparable to those of the best computationally 

designed enzymes for the same reaction (Supplementary Table 1)25–27, which is remarkable, 

given that the present system emerged spontaneously, essentially unaided by human design or 

evolutionary optimization. 

Fig. 2 | Catalytic activity of 16 in a model retro-aldol reaction emerges due to the combination of a substrate-

binding pocket and nucleophilic lysine residues (a), The retro-aldol cleavage of methodol is accelerated in 

presence of a nucleophilic amine by the formation of an iminium ion intermediate. The C-C bond cleavage yields 3 

and an enamine intermediate, which tautomerizes and hydrolyses in subsequent steps (not shown) to give acetone 

and regenerate the catalyst. (b), At equimolar concentrations (50 μM with respect to 1), fibres of 16 (red) produce 3 

more rapidly than a mixture of 13/14 (blue) or building block 1 (black). Data were obtained by either following the 

reaction by UPLC (filled circles and standard deviations) or spectrophotometrically (lines, standard deviations 

shown as shaded areas) and are the result of at least two independent measurements. (c), Saturation kinetics for the 

burst phase (red) and the steady state phase (blue) for catalysis by 16 (rates and standard deviations of at least two 

independent measurements are shown). Obtained velocities for both regimes were fitted to the Michaelis-Menten 

equation (solid lines). (d), Kinetic characterization for a large excess of 16 fibres (100 – 1500 μM in 1) to 2 (10 μM). 

Obtained pseudo-first order rate constants were fitted to a Michaelis-Menten model and the obtained kcat and KM 

values are displayed. Data points are the average of at least two independent measurements with standard deviations 

shown. (e), pH rate profile obtained for catalysis by 16 (40 μM in 1) of the retro-aldol reaction of methodol (200 

μM). (f), Emergence of catalytic activity for the retro-aldol reaction in a stirred sample of 1 correlates with fibre 

formation as shown by a comparison of the change in the concentration of 16 (blue, left axis) and rate of formation of 

3 (red, right axis) with time. All error bars shown correspond to the standard deviation. 
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Next, we probed whether stacking of 16 units boosts the catalytic prowess of the lysine groups. 

The pH-rate profile of the catalysed reaction shows a single inflection point at pH 7.4 ± 0.1 (Fig. 

2e), demonstrating a perturbation of the apparent pKa of the catalytically active lysine groups by 

approximately three units compared to the pKa of lysine in solution. When performing pH 

titrations of 16 fibres we were unable to identify a significant change in ionisation at pH 7.4 

(Extended Data Fig. 2), confirming that the fraction of the lysines on the 16 fibres that are 

catalytically active is small. To further pinpoint the roles of the two lysine side chains in 1 in 

catalysis (Fig. 1a), we synthesized building blocks featuring lysine-to-arginine mutations on 

either the inner (XGLRFK) or outer (XGLKFR) lysine. Consistent with the inner lysine being 

more buried, replacing it with a positively-charged but catalytically-inactive arginine side chain 

resulted in a ~5-fold loss in activity in hexamer replicators, while changing the outer lysine 

reduced the activity of the corresponding replicator by about 2.5-fold (Extended Fig. 1d). 

Combined, our kinetic characterization identified that replicator 16 features configurations 

conducive for catalysis, in which catalytically-active lysine residues are rare and predominantly 

buried.   

Next, we monitored the correlation between the emergence of the replicator and the emergence 

of catalytic activity in situ starting from building block 1. We dissolved 1 (154 μM) and 

methodol (200 μM) in borate buffer (pH 8.12) at 40 °C applying mechanical agitation. In 

parallel, we ran control samples that either lacked 1 or agitation; the latter preventing fibre 

breakage, thus suppressing replicator growth. We monitored the concentrations of building block 

1, non-assembling tetramer macrocycle 14 and assembling hexamer macrocycles 16, as well as 

retro-aldol product 3 over time using reversed-phase UPLC analysis (Fig. 2f and Extended Data 

Fig. 3; see Method section for details). Notably, the increase in the rate of the retro-aldol reaction 

correlates directly with the emergence of the replicator in agitated samples (Fig. 2f).  

In the unstirred control replicator emergence is hampered and virtually no acceleration of the 

retro-aldol reaction was observed (see Extended Fig. 3 for a full analysis).17 Finally, to confirm 

hexamer formation entails fibre assembly, we also subjected samples from the experiments 

shown in Fig. 2f periodically to TEM analysis, which confirmed the appearance of fibres as soon 

as the concentration of 16 started to increase (Extended Data Fig. 4). Together, these results 

demonstrate how chance invention at the molecular level can endow self-replicators with 
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catalytic abilities. Moreover, they constitute a de novo example of a molecule with the 

concurrent abilities to replicate and to catalyse a chemical reaction that is of a very different 

nature than the replication reaction.  

Catalysis of FMOC cleavage 

A caveat of the retro-aldol reaction is that none of the liberated products are beneficial to the 

self-replicator, a necessity for the emergence of metabolism. To examine the possibility of 16 

replicator fibres to spontaneously form a protometabolism, we assessed its ability to catalyse the 

cleavage of FMOC-glycine (4). This reaction proceeds through Brønsted-base-catalysed 

deprotonation, followed by fragmentation into glycine, CO2 and dibenzofulvene (5, Fig. 3a). 

Attractive features of this reaction are that it is catalysed by basic amines (e.g. activated lysine 

chains in 16) and that it liberates an alkene, 5, which is known to promote thiol oxidation28,29. 

Therefore, the cleavage of FMOC-glycine by replicator fibres could lead to the accelerated 

formation of the non-assembled macrocycles 13/14. As they are the precursors from which the 

replicator grows (Fig. 1b), accelerating their formation should, in turn speed up replication (Fig. 

3b).  

Indeed, when incubating a solution of FMOC-glycine (200 M in borate buffer pH 8.1 

containing 5% acetonitrile) with 16 fibres (200 M in 1) at 25 °C, rapid cleavage of 4 took place, 

while neither 1 or a mixture of 13 and 14 showed significant activity under otherwise identical 

conditions (Fig. 3c). As for the retro-aldol reaction, 16 fibres displayed saturation when varying 

the concentration of 4 (Fig. 3d) and the pH-rate profile of the catalysed reaction showed a single 

inflection point at pH 7.1 ± 0.1 (Extended Fig. 4a), which closely matches the one observed for 

methodol cleavage (pH 7.4 ± 0.1). While the poor solubility and stability of 5 prevented us from 

performing a more detailed kinetic analysis akin to that for the retro-aldol reaction, the absence 

of a recognizable plateau corresponding to a pH of 7.1 in the pH titration of 16 fibres (Extended 

Fig. 2a) indicates that, again, only a small fraction of all lysines is catalytically active. Notably, 

16 fibres (kcat/Km = 6.2 ± 0.4   M-1 s-1) outperform a mixture of 13 and 14 (𝑘𝑎𝑝𝑝,3/4 = 6.4 ± 0.6  

10-3 M-1 s-1; see Methods) by almost 3 orders of magnitude (for the kinetic analysis we 

conservatively estimate that each building block in the replicator fibres provides a single active 

site, thus 50% of all lysines being active). Moreover, replicators provide a chemical proficiency 
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(1/KTS = (kcat/KM)/kuncat) of at least 2.1 x 108 M-1, which is an order of magnitude higher than the 

one observed for the methodol cleavage. Consistent with 16 fibres featuring a more effective 

active site architecture that results in the increased transition-state stabilization for the FMOC 

cleavage, lysine-to-arginine mutations proved more deleterious than for the retro-aldol reaction 

(Extended Fig. 5b). While replacing the inner lysine in replicators proved crippling and led to a 

>300-fold decrease in activity, even the installation of an arginine at the outer position yielded a 

replicator that only retained ~2% of the catalytic efficiency of 16.  

To test whether formation of 5 leads to the envisioned positive feedback on replication, we 

incubated FMOC-glycine (100 M) with monomer 1 (200 M) in borate buffer (pH 8.1, 5% 

acetonitrile) at 40 °C and simultaneously monitored the emergence of 16 replicator, its effect on 

FMOC-glycine cleavage, and the reciprocal effect of the cleavage products on the replication of 

Fig. 3| Emergence of a protometabolism in response to the cleavage of FMOC-glycine by replicator fibres (a), 

Mechanism of the Brønsted-base-catalysed cleavage of FMOC-glycine. (b), Concept of a positive feedback loop, in 

which the conversion of 4 by the self-replicator (16)n yields 5, which speeds replication by accelerating the oxidation 

of building block 1 (mechanism of replication shown in Fig. 1b). (c), At equimolar concentrations (200 M with 

respect to 1), replicator fibres 16 (red) accelerate FMOC-glycine cleavage (200 M), while neither building block 1 

nor non-assembled macrocycles 13/14 provide a detectable activity when compared to the uncatalyzed reaction (not 

shown). (d), Saturation kinetics for the cleavage of 4 by 16 fibres (observed rates and standard deviations of at least 

3 independent measurements are shown). Kinetic parameters were obtained by fitting the data to the Michaelis-

Menten equation (solid lines). (e), In an agitated sample prepared from 1 (200 M) and FMOC-glycine (100 M) in 

5% aqueous acetonitrile in borate buffer pH 8.0, the emergence of 16 (dark blue circles) coincides with the onset of 

FMOC-glycine cleavage (red circles). Notably, in a sample not containing FMOC-glycine (light blue circles) 

replicator 16 emerges at the same time, but grew significantly slower. The increase in replication efficiency in the 

presence of FMOC-glycine is consistent with a positive feedback loop (cf. panel b). (f), A comparison of oxidation 

rates in the absence (light blue) and presence (dark blue) of FMOC-glycine show a 3.5 fold increase (purple arrow) 

once 5 is liberated, providing further evidence for the positive feedback loop. All error bars shown correspond to the 

standard deviation.  
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16 (Fig. 3e). As for the retro-aldol reaction, the emergence of replicator after approximately 10 h 

coincides perfectly with the onset of FMOC-glycine cleavage, consistent with only 16 fibres, but 

none of the precursors, being catalysts for the reaction. Strikingly, in a sample lacking 4 

replicators emerged at the same time, but only grew at a rate that is less than half of that in 

presence of FMOC-glycine (Fig. 3e). Similarly, when monitoring the oxidation of 1 in both 

samples, the FMOC-containing one gave rise to a 3.5-times higher oxidation rate in response to 

formation of 5 (Fig. 3f), confirming the envisioned positive feedback loop (Fig. 3b; see Extended 

Data Fig. 5c-d for an analogous experiment containing 200 M FMOC-glycine). Control 

experiments with isolated dibenzofulvene confirmed that this effect is due to this compound 

promoting the oxidation of 1 (Extended Figure 5e). 

CONCLUSIONS 

In conclusion, a self-assembling self-replicator was found to be able to catalyse not only its own 

formation, but also two other chemical transformations, that are each very different in nature 

from the replication reaction; i.e. the systems show catalytic promiscuity. Catalytic function 

emerges at the level of the replicator assembly and cannot be ascribed to the starting materials or 

intermediates in the process of replicator formation. While the assemblies emerge spontaneously 

and are selected on the basis of their ability to replicate, our results show that such selection for 

replication can inadvertently also produce an arrangement conducive to catalysis. Specifically, 

replicators feature a substrate-binding pocket and lysine residues that have enhanced catalytic 

activity, imposed by the microenvironment generated through the assembly into fibres. As shown 

for catalysis of FMOC-glycine cleavage, the replicators are able to generate molecules that 

promote the formation of the building blocks needed for replication, thereby accelerating the 

replication process. Such behaviour can be regarded as the onset of metabolism. Thus, these 

results reveal how replication and metabolism, two key characteristics of life, can autonomously 

become integrated and mark an important advance towards the de-novo creation of a minimal 

form of life. 

The present system of self-assembly driven self-replicators has the important advantage over 

other replicators in that sites for catalytic activity (the sides of the fibres) are distinct from the 

sites of self-replication (occurring at the fibre ends). The catalytic promiscuity exhibited by the 
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system is a highly desirable feature in early evolution, as it allows catalysing different reactions 

while only having to replicate a single entity. Catalytic promiscuity is also an important pathway 

for evolutionary inventions,30 as it enables a system that evolved for one purpose to be co-opted 

for another purpose.31 Finally catalytic promiscuity has also been identified as a desirable 

evolutionary property in the metabolically coupled replicator system model,32 which provides a 

solution to overcome Eigen’s paradox (accurate replication needs a complex machinery, yet 

obtaining such complex self-replicators through evolution requires sufficiently accurate 

replication). Experimentally no efforts have yet been made to address Eigen’s paradox, but with 

protometabolic replicators showing catalytic promiscuity, a path toward clearing this important 

hurdle in the development of life is starting to be unveiled.   
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METHODS 

 

General procedures 

All reagents, solvents and buffer salts were obtained from commercial suppliers and used 

without further purification, unless otherwise noted. Building block 1, XGLKFR and XGLRFK 

were obtained from Cambridge Peptides Ltd (Birmingham, UK). Borate buffer concentrations 

are reported in concentration of boron atoms. UPLC analysis was performed on a Waters 

Acquity UPLC-H class system equipped with a PDA detector. All analyses were performed 

using a reversed-phase UPLC column (Aeris Peptide 1.7 µm XB-C18 x 2.10 mm, Phenomenex). 

The column temperature was kept at 35 °C, and the sample plate was kept at 25 °C unless 

otherwise specified. UV absorbance was monitored at 254 and 313 nm. Samples were separated 

with a gradient from 28-40% acetonitrile (0.1% TFA) in water (0.1% TFA) at a flow rate of 0.3 

mL/min (see Supplementary Table 2 for the detailed method used). To heat the samples beyond 

40 °C, a Thermo Fisher compact dry bath with a custom milled aluminium block to 

accommodate HPLC vials (with a dimension of 12 x 32 mm) was used. UPLC-MS experiments 

were performed on a Waters Acquity UPLC H-class system coupled to a Waters Xevo-G2 TOF. 

The mass spectrometer was operated in positive electrospray ionization mode. Capillary, 

sampling cone and extraction cone voltages were kept at 2.5 kV, 30 V and 4V, respectively. 

Source and desolvation temperatures were set at 140 °C and 500 °C. Nitrogen was used as both 

cone (5 L/h) and desolvation gas (500 L/h). Reaction mixtures were analysed by direct injection 

of the sample (5 µL). Transmission electron microscopy was performed on a Philips CM120 

electron microscope operating at 120 kV. Images were recorded on a slow scan CCD camera 

(Gatan). Spectrophotometry measurements were performed on a Jasco V-660 spectrophotometer 

at 25 ºC unless otherwise noted. Methodol was synthesized using a previously published 

method33. All concentrations involving 13, 14 and 16 are given with respect to building block 1, 

unless stated otherwise. A mixture of 13/14 was obtained by oxidizing 1 with sodium perborate 

(0.95 eq.) in borate buffer (50 mM, pH 8.12). The resulting mixture, after oxidation, was 

analysed by UPLC and mass spectrometry (Supplementary Figs. 1-2). FMOC-glycine 4 (Fmoc-

Gly-OH, 97%) was obtained from Sigma-Aldrich. Dibenzofulvene 5 was synthesised according 

to a known literature procedure34.  
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Preparation of 16 

A stock solution of 16 fibres was typically prepared from building block 1 as follows. In brief, 

building block 1 (2.28 mg, 2.31 µmol) was added to an HPLC vial (12 x 32 mm) containing a 

Teflon coated magnetic stirring bar (5 x 2 mm, VWR). The sample was dissolved in 1.5 mL 

borate buffer (50 mM, pH 8.12) to give a final concentration of 1.54 mM 1, and the vial was 

subsequently closed with a Teflon septum screw cap. Then, the mixture was stirred at 1,200 rpm 

at 40 °C for >72 hours. The composition of the reaction mixture was periodically analysed by 

UPLC (10 µL injection) and stirred until 16 accounted for >90% of the mixture (see 

Supplementary Figures 1 and 2 for a representative UPLC chromatogram and mass spectra of the 

final mixture). The resulting stock solution was kept at 25 ºC while stirring (1,200 rpm) and 

could be used for at least 12 weeks without observing any significant changes in the sample 

composition. Hexamer replicators for XGLKFR and XGLRFK were obtained following the same 

protocol. 

 

Initial assessment of the activity of 16 in catalysing the retro-aldol reaction 

Acetonitrile (10 µL) and a stock solution of methodol (10 μL, 20 mM in acetonitrile) were added 

to 948 µL of borate buffer (50 mM, pH 8.12) and the resulting mixture was incubated for 10 

minutes at 25 °C. At this point, 32.5 µL of a stock solution of 16 (1.54 mmol in the same borate 

buffer) was added to yield a final concentration of 50 μM 16 (with respect to building block 1), 

200 μM methodol and 2% acetonitrile. Reaction progress was either monitored 

spectrophotometrically (ε350 = 5870 M-1 cm-1) at 25 °C or through periodic analysis of the 

reaction mixture by UPLC at the same temperature (10 μL injection of the mixture, 18 minute 

intervals). For the latter, the concentration of 3 was quantified by comparison to a calibration 

curve that was obtained by injecting known quantities of 3 in the reaction buffer (λmax = 313 nm, 

Supplementary Figure 3). As control, the experiment was carried out in presence of 1 as well as a 

mixture of 13/14 under otherwise identical conditions. The data presented in Fig. 2b represents 

the average of at least two independent experiments.  
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Effect of 1 and a mixture containing 13 and 14 on the retro-aldol reaction 

Reaction mixtures containing methodol (final concentration 200 μM) and acetonitrile (2%) were 

prepared and incubated for 10 minutes at 25 °C as described above. To determine the kinetic 

parameters for 1, either 66.7 µL or 200 µL of a stock solution of 1 (3.08 mM in borate buffer) 

was added to give a final concentration of 200 µM or 600 µM 1, respectively. In order to avoid 

oxidation of 1 to small, non-assembling macrocycles 10 µL of a stock solution of dithiothreitol 

(200 mM, 2 mM final concentration) was added. The resulting reaction mixtures were incubated 

at 25 ºC and periodically analysed by UPLC (10 µL injections, 54 minute intervals for 10 hours). 

The analysed retro-aldol reaction was measured in parallel by replacing the stock solution of 1 

with borate buffer (pH 8.12). The concentration of 3 was quantified by comparing the peak area 

at 313 nm to the calibration curve shown in Supplementary Figure 3. The reaction progress for 

each reaction is displayed in Extended Data Fig. 1 and demonstrates that at these concentrations 

1 does not lead to appreciable levels of acceleration of this retro-aldol reaction.  

Kinetic characterization of a freshly prepared mixture of 13/14 was performed in a similar 

fashion. To a sample containing methodol (200 µM) and acetonitrile (2%) in borate buffer (pH 

8.12), 16.2, 32.5 or 65 µL of a stock solution of 13/14 (1.54 mM with respect to building block 1 

in borate buffer pH 8.12) was added, giving total a total concentration of 25, 50 or 100 µM (with 

respect to building block 1). Reaction mixtures were monitored for 90 minutes by periodic 

analysis by UPLC (10 µL injections, 18 minute intervals) at 25 ºC. The concentration of 3 was 

quantified as specified above. Observed second order rate constants at all three concentrations 

were measured by determining the initial rate of the reaction and were comparable for the 13/14 

mixture at all concentrations tested (8.25 x 10-3 M-1s-1 (25 µM), 7.41 x 10-3 M-1s-1 (50 µM) and 

8.29 x 10-3 M-1s-1 (100 µM)), indicative of the reaction rate being first order with respect to the 

catalyst. An apparent second order rate constant was determined by averaging the obtained 

values.  

 

Kinetic characterization of the effect of the 16 fibres on the retro-aldol reaction 
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Excess substrate to catalyst: This kinetic characterization of 16 fibres was performed by 

measuring reaction progress spectrophotometrically (ε350nm = 5,870 M-1 cm-1) at varying 

concentration of 2 (75, 100, 200, 300, 400, and 600 µM) at 25 °C. Samples were prepared by 

adding appropriate amounts of acetonitrile and a stock solution of 2 (20 mM in acetonitrile) into 

1 cm path length cuvettes containing 948 µL borate buffer (50 mM, pH 8.12). Reaction mixtures 

were incubated for 10 minutes at 25 °C, at which point 16.2 µL of a stock solution of 16 (1.54 

mM with respect to building block 1 in borate buffer, final concentration 25 µM with respect to 

building block 1) was added. Reaction progress was followed for 250 minutes at 25 °C. 

Observed rates for the burst phase (0 – 20 minutes) and the steady state (100-200 minutes) were 

extracted by determining the slope of product formation over time for the indicated time frames. 

The measured rates were corrected for the background rate and the resulting values, which 

represent the average of at least two independent measurements, were fitted (RStudio) to  

equation (1), in which [1] = 2.5 x 10-5 M: 

(1) 
𝑣0

[𝟏]
=  

𝑘𝑐𝑎𝑡 [𝟐]

𝐾𝑀+[𝟐]
 

 

Excess catalyst to substrate: A stock solution of 2 in acetonitrile (0.50 mM) was prepared and 

kept at -21 ºC. The solution was used no longer than one week after preparation. Stock solutions 

of 16 fibres (2.0 mM with respect to 1) were prepared as described before and used within two 

weeks after the library composition was >90% 16. For the kinetic characterization, varying 

volumes of 16 fibres (30 – 450 μL), were added to HPLC vials (12 x 32 mm) containing borate 

buffer (50 mM, pH 8.12, 138 – 558 μL) and 12 μL of the stock solution of 2, giving a total 

volume of 600 μL. Final concentrations for 16 ranged from 100-1500 μM with respect to 

building block 1 with a constant concentration of 2 (10 μM). The formation of 3 was monitored 

by periodic analysis of the reaction mixture by UPLC (10 μL injections, 18 minute intervals for 

128 minutes). From the obtained results, pseudo-first order rate constants were calculated for 

different concentrations of 16. Averages of values from least two independent measurements 

were subsequently fitted (Rstudio) to the equation (2), in which kobs are the measured pseudo-first 

order rate constants and [1] varies from 1 x 10-4 to 1.5 x 10-3 M: 

(2) 𝑘𝑜𝑏𝑠 =  
𝑘𝑐𝑎𝑡 [𝟏]

𝐾𝑀+[𝟏]
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pH rate profile the effect of 16 on the retro-aldol reaction 

Buffer solutions (50 mM) were prepared spanning the pH range from 6.0 – 8.75 (phosphate 

buffer pH 6.3-7.1; borate buffer pH 7.4-8.5). Samples were prepared by adding acetonitrile 

(10 µL) and 10 μL of a stock solution of methodol (20 mM in acetonitrile) to 1 cm cuvettes 

containing 954 µL of the specific buffer solution. The resulting mixtures were incubated for 10 

minutes at 25 °C before addition of a stock solution of 16 (26 µL, 1.54 mM with respect to 

building block 1 in borate buffer, pH 8.12) to obtain a final concentration of 40 μM 16 (with 

respect to building block 1), 200 μM methodol and 2% acetonitrile. The reaction progress was 

monitored spectrophotometrically (ε350 = 5,870 M-1 cm-1) at 25 °C for 250 minutes. Observed 

rates for the steady state (100 – 250 minutes) were extracted by analysing the data for the 

product formation over time. The measured rates were corrected for the background and 

(kcat/KM)app values were determined by dividing the corrected rates by the concentrations for 1 

(=4 x 10-5 M) and substrate (=2 x 10-4 M). Averages of values from least two independent 

measurements were subsequently fitted (Rstudio) to equation (3): 

(3) (
𝑘𝑐𝑎𝑡

𝐾𝑀
)

𝑎𝑝𝑝
=   

(
𝑘𝑐𝑎𝑡
𝐾𝑀

)
𝑚𝑎𝑥

1+10(𝑝𝐾𝑎−𝑝𝐻)
  

 

pH titration of 1 and 16 fibres 

To prepare a stock solution of 1 and 16 fibres in H2O, building block 1 (3.21 mg, 3.25 µmol in 1) 

was added to a glass vial (15 x 45 mm) containing a Teflon coated magnetic stirring bar (5 x 2 

mm, VWR). UPLC grade H2O (2.1 mL) was added to give a final concentration of 1.54 mM. To 

enable disulfide formation and exchange, which is necessary for 16 formation, 1 M NaOH (4 µL) 

was added to one of the samples, resulting in a pH of 8.2. This vial was closed with a screw cap 

and the mixture was stirred at 1,200 rpm at 45 °C for 7 days. The library composition was 

periodically analysed by UPLC (10 µL injections). At the time, 16 accounted for >90% of the 

mixture, the stock solution was cooled to 25 °C and continued to be stirred at 1200 rpm. This 
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stock solution could be used for up to 12 weeks without observing a significant change in the 

sample composition, while the stock solution containing 1 was prepared freshly before the pH 

titration.  

For the pH titration, stock solutions for 1 and 16 fibres (1 mL each) were diluted with UPLC 

grade H2O (1 mL) to obtain a solution containing 1.54 µmol of 1 and 16. To the latter 1 M HCl 

(2.5 µL) was added to lower to pH to ~3.6, similar to the pH of the freshly prepared solution of 

1. Then, small aliquots (1-5 µL) of a 0.1 or 0.5 M NaOH solution were added to the samples and 

the pH monitored using a Hanna HI-4221 Research Grade Bench pH & ORP Meter. 

Measurements were performed in duplicates and are summarized in Extended Data Fig. 1.  

Experiment corresponding to Fig. 2f and Extended Data Fig. 3 

Borate buffer (880 µL, 50 mM, pH 8.12) was added to an HPLC vial (12 x 32 mm) containing a 

Teflon coated magnetic stirring bar (5 x 2 mm, VWR). The sample was heated to 40 °C and 

acetonitrile (10 µL) and a stock solution of methodol (10 µL, 20 mM in acetonitrile) were added 

to the preheated buffer. The sample was incubated at 40 °C for 15 minutes. Then, 100 µL of a 

freshly prepared solution of 1 (1.54 mM in 50 mM borate buffer, pH 8.12) was added to the 

mixture to give a total concentration of 154 µM 1, 200 µM methodol and 2% acetonitrile. The 

reaction mixture was kept at 40 °C and was stirred at 500 rpm for the entire duration of the 

experiment (30 hours). The reaction was monitored by periodic analysis of the reaction mixture 

by UPLC (10 μL injection). The concentrations of 1, 14, and 16 were quantified by comparison to 

a calibration curve that was obtained by injecting known quantities of 1 in the reaction buffer 

(Supplementary Fig. 3). The concentration of 3 was quantified by comparison to a calibration 

curve, as described above. Control experiments were performed by either not applying any 

mechanical agitation or by omitting 1 from the sample. Representative chromatograms recorded 

near the start and the end of the experiment are depicted in Supplementary Fig. 4.  

 

Time dependent TEM 

Samples were prepared as described before for the experiments corresponding to Fig. 2. Fibre 

formation was followed by periodically preparing TEM samples from the reaction mixtures (e.g. 

for the agitated samples at t = 0, 1, 6, 7.5, 8.5, 10, 13, 24, and 48 hours). For this, a small drop 

(5 µL) of the reaction mixtures was deposited on a 400 mesh copper grid covered with a thin 
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carbon film (Agar Scientific). After one minute, the grid was blotted on filter paper. The sample 

was subsequently stained twice with uranyl acetate by depositing 5 µL of a saturated uranyl 

acetate solution on the grid and blotting it on filter paper after incubation for 20 seconds. 

Samples obtained from this procedure were then analysed by TEM (Extended Data Fig. 4). 

Neither the control sample for which 1 was omitted nor the one for which no mechanical 

agitation was applied showed detectable levels of fibre formation after prolonged times (48 

hours).  

 

Initial assessment of the activity of 16 in catalysing the FMOC-glycine cleavage 

A stock solution of FMOC-glycine 4 (20 μL, 10 mM in acetonitrile) was added to 900 µL of 

borate buffer (50 mM, pH 8.12) with 30 µL of acetonitrile and the resulting mixture was 

incubated for 5 minutes at 25 °C. At this point, 50 µL of a stock solution of 16 (4.0 mmol in the 

same borate buffer) was added to yield a final concentration of 200 μM 16 (with respect to 

building block 1), 200 μM FMOC-glycine and 5% acetonitrile. Reaction progress was monitored 

through periodic analysis of the reaction mixture by UPLC at 25 °C (10 μL injection of the 

mixture, 18 minute intervals). As control, the experiment was carried out in presence of 1 as well 

as a mixture of 13/14 under otherwise identical conditions. For the latter, the concentration of 4 

was quantified by comparison to a calibration curve that was obtained by injecting known 

quantities of 4 in the reaction buffer (Supplementary Fig. 3c). As control, the experiment was 

carried out in presence of 1 as well as a mixture of 13/14 under otherwise identical conditions. 

Determination of uncatalysed rate and the apparent second order rate constant for a 

mixture of 13 and 14 

Since the uncatalysed reaction was observed to be very slow at 25 °C and 40 °C, the reaction 

mixture was heated to different temperatures using a block heater. Two samples with a total 

volume of 1000 µL with 4 (40 μM) and acetonitrile (5%) in borate buffer (pH 8.1) were prepared 

in HPLC vials (12 x 32 mm) and incubated for 5 minutes. The samples were put to three 

different temperatures in doublets (T = 60, 70 and 80 °C, Supplementary Fig. 5a). The vials were 

alternatively taken out of the heater to sample for UPLC analysis (10 µL injections, 36 minute 

intervals for 4.2 h) at 40 ºC. The resulting decrease of 4 was quantified by comparing the peak 
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area at 254 nm to the calibration curve shown in Supplementary Figure 3c. Observed first order 

rate constants were measured by determining the initial rate of the reaction via the Arrhenius 

equation, yielding the following data: 2.37 x 10-5 s-1 (80 °C), 8.18 x 10-6 s-1 (70 °C) and 2.67 x 

10-6 s-1 (60 °C). These rate constants were used to extrapolate the first order rate constant at room 

temperature (2.86 x 10-8 s-1 at 25 °C). The Arrhenius plot is shown in Supplementary Figure 5b. 

To test the catalytic proficiency of the 1, 75 µL of a stock solution of 4 (1.0 mM in acetonitrile) 

in a concentration of 40 µM in 4 with an overall acetonitrile content of 5 % were prepared under 

inert atmosphere and incubated for 5 minutes. To that, 75 µL of a stock solution of 1 (4.0 mM in 

borate buffer) was added under inert atmosphere to avoid oxidation of 1 into small, non-

assembling macrocycles to give a final concentration of 1 of 300 µM. The sample and a control 

sample without 1 were heated to 60 °C and were periodically analysed by UPLC (50 µL, daily 

for 3d). The progress of the reaction is displayed in Supplementary Figure 5a and demonstrates 

that at these concentrations 1 does not lead to significant acceleration of the FMOC-glycine 

cleavage reaction. 

Kinetic characterization of a freshly prepared mixture of 13/14 was performed by adding to a 

sample containing FMOC-glycine (40 µM) and acetonitrile (5%) in borate buffer (pH 8.1), 12.5, 

37.5 or 75 µL of a stock solution of 13/14 (4.0 mM with respect to building block 1 in borate 

buffer pH 8.1), giving total a total concentration of 50, 150 or 300 µM (with respect to building 

block 1). The reaction mixtures were incubated for 10 minutes and then monitored for 6 days by 

UPLC (10 μL injection of the mixture, daily for 6 days). Observed second order rate constants at 

all three concentrations were measured by determining the initial rate of the reaction and were 

comparable for the 13/14 mixture at all concentrations tested (6.31 x 10-3 M-1s-1 (50 µM), 5.89 x 

10-3 M-1s-1 (150 µM), 7.07 x 10-3 M-1s-1 (300 µM)) at room temperature, suggesting first order in 

catalyst concentration. By averaging the obtained values an apparent second order rate constant 

was determined (6.43 x 10-3 M-1s-1). Plots depicting the reaction of 4 in the presence of 13/14 are 

shown at Supplementary Figure 5c. 

Kinetic characterization of the effect of the 16 fibres for the FMOC-glycine cleavage 

Excess substrate to catalyst: This kinetic characterization of 16 fibres was performed by 

measuring reaction progress spectrophotometrically (ε305nm = 3,088 M-1 cm-1) at varying 
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concentration of 4 (20, 50, 75, 100, 150, and 200 µM) at 25 °C. Samples were prepared by 

adding appropriate amounts of acetonitrile and a stock solution of 4 (10 mM in acetonitrile) into 

1 cm path length cuvettes containing 937 µL borate buffer (50 mM, pH 8.1). Reaction mixtures 

were incubated for 20 minutes at 25 °C, at which point 13 µL of a stock solution of 16 (1.54 mM 

with respect to building block 1 in borate buffer, final concentration 20 µM with respect to 

building block 1) was added. Reaction progress was followed for 60 minutes at 25 °C. Observed 

rates for the initial phase (0 – 20 minutes) were extracted by determining the slope of product 

formation over time. The measured rates were corrected for the background rate and the resulting 

values, which represent the average of at least two independent measurements, were fitted 

(RStudio) to equation (4), in which [1] = 2.0 x 10-5 M: 

(4) 
𝑣0

[𝟏]
=  

𝑘𝑐𝑎𝑡 [𝟐]

𝐾𝑀+[𝟐]
 

 

pH rate profile for the effect of 16 on the FMOC-glycine cleavage 

Different buffer solutions (50 mM) were prepared and adjusted to the pH range from 5.8 – 8.5 

(MOPS buffer pH 5.8-7.0; borate buffer pH 7.5-8.5). Samples were prepared by adding 

acetonitrile (40 µL) and 10 μL of a stock solution of 4 (10 mM in acetonitrile) to 1 cm cuvettes 

containing 924 µL of the specific buffer solution. The resulting mixtures were incubated for 10 

minutes at 25 °C before addition of a stock solution of 16 (26 µL, 1.54 mM with respect to 

building block 1 in borate buffer, pH 8.12) to obtain a final concentration of 40 μM 16 (with 

respect to building block 1), 100 μM 4 and 5% acetonitrile. The reaction progress was monitored 

photometrically (ε305nm = 3,088 M-1 cm-1) at 25 °C for 60 minutes. The measured rates were 

corrected for the background and (kcat/KM)app values were determined by dividing the corrected 

rates by the concentrations of 1 (= 4 x 10-5 M) and substrate (= 1 x 10-4 M). Averages of values 

from least two independent measurements were subsequently fitted (Rstudio) to equation (5). 

(5) (
𝑘𝑐𝑎𝑡

𝐾𝑀
)

𝑎𝑝𝑝
=   

(
𝑘𝑐𝑎𝑡
𝐾𝑀

)
𝑚𝑎𝑥

1+10(𝑝𝐾𝑎−𝑝𝐻)
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Experiment corresponding to Fig. 3e-f and Extended Data Fig. 5c-d 

A fresh solution of 4 (10 µL or 20 µL, 10 mM in acetonitrile) was added to borate buffer (900 

µL, 50 mM, pH 8.1) and acetonitrile (40 µL or 30 µL) in an HPLC vial (12 x 32 mm) equipped 

with a Teflon coated magnetic stirring bar (5 x 2 mm, VWR), to give a resulting concentration of 

100 µM or 200 µM, respectively, with an acetonitrile content of 5%. The mixture was preheated 

to 40 °C for 10 minutes inside the UPLC system. To that, 50 µL of a freshly prepared solution of 

1 (4.0 mM in borate buffer, pH 8.1) were added while the temperature was kept at 40 °C and the 

reaction was stirred at 600 rpm for the entire duration of the experiment (27 hours). The reaction 

mixture was monitored periodically via UPLC (10 µL injection every 54 minutes).  The 

concentrations of 1, 14, and 16 were quantified by comparing to a calibration curve which was 

obtained by injecting known quantities of 1 in the buffer (Supplementary Fig. 3). The 

consumption of 4 was quantified by comparing the peak area to the calibration curve shown in 

Supplementary Fig. 3. Representative chromatograms recorded for the experiment are depicted 

in Supplementary Fig. 6.  
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