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Abstract. A major challenge for understanding the origins of life is to explore how replication 10 

networks can engage in an evolutionary process. Herein, we shed light on this problem by 11 

implementing a network constituted by two different types of extremely simple biological 12 

components: the amino acid cysteine and the canonical nucleobases adenine and thymine, 13 

connected through amide bonds to the cysteine amino group and oxidation of its thiol into three 14 

possible disulfides. Supramolecular and kinetic analyses revealed that both self- and mutual 15 

interactions between such dinucleobase compounds drive their assembly and replication 16 

pathways. Those pathways involving sequence complementarity led to enhanced replication 17 

rates, suggesting a potential bias for selection. The interplay of synergistic dynamics and 18 

competition between replicators was then simulated, under conditions that are not easily 19 

accessible with experiments, in an open reactor parametrized and constrained with the 20 

unprecedentedly complete experimental kinetic data obtained for our replicative network. 21 

Interestingly, the simulations show bistability, as a selective amplification of different species 22 

depending on the initial mixture composition. Overall, this network configuration can favor a 23 

collective adaptability to changes in the availability of feedstock molecules, with disulfide 24 

exchange reactions serving as 'wires' that connect the different individual auto- and cross-25 

catalytic pathways.    26 

mailto:sonia.vela@uam.es
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Introduction 27 

Research on life’s origins constitutes a major multidisciplinary effort to unravel the 28 

physicochemical means by which living systems could emerge from non-living matter. Many 29 

questions remain open in the field, with implications that are both historical (how and where life 30 

originated), synthetic (how life can be synthesized from its basic molecular constituents), and 31 

conceptual (what essential features of living organisms allow characterization of their 32 

aliveness).1-5 Systems chemistry is proving to be useful in this respect, as it adopts a holistic 33 

view for the study of complex chemical systems, wherein dynamic out-of-equilibrium reaction 34 

and self-assembly processes govern the system´s emergent behaviors.6-8 An important line in 35 

this area involves the development of chimeric systems that combine the properties of distinct 36 

biological building blocks, as a step towards replication, protometabolic networks and 37 

protocellular assemblies.9-13 38 

In the endeavor to mimic DNA’s capacity for replication or, more generally, the capacity of 39 

living cells to self-reproduce, different forms of replication have been developed with both 40 

synthetic and biological molecules.14-18 The literature is rich in processes that display 41 

autocatalysis, either through the product’s catalysis of its own formation,19 cyclic 42 

autocatalysis,20,21 or in oscillatory reactions.22 Most of these autocatalytic transformations 43 

cannot be considered self-replication, since they lack the specificity required for information 44 

transfer at the molecular level.18 In search for such specificity, template replication has been 45 

proven with different kinds of biopolymers and oligomers, including DNA,23,24 RNA25,26 and 46 

oligopeptides,27,28 as well as with synthetic molecules not present in extant biology.29 However, 47 

this type of mechanism tends to halt the replication process due to an excessively strong binding 48 

(and therefore inhibition) of the template and product molecules, which handicaps efforts to 49 

achieve exponential product growth. Network autocatalysis has been proposed as an 50 

alternative,30,31 with both theoretical and experimental models based on lipids,32,33 peptides,34,35 51 

nucleic acids,36 and synthetic molecules.37 Autocatalysis in these networks is normally 52 

associated with self-assembly of the replicating species, most commonly into hybridized 53 
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strands, fibers, micelles or vesicles, the latter being relevant to the formation of self-reproducing 54 

compartments.32,38 This type of replication was likely widespread in prebiotic scenarios, but in 55 

order to trigger subsequent evolution, replicators would have to acquire additional capacities 56 

including:39 (i) catalysis, to establish a supportive metabolism;40 (ii) performance out of 57 

equilibrium;35,41-43 (iii) compartmentalization, to avoid parasitic reactions and dilution effects;44 58 

or (iv) variability control with nucleobase sequences.45 Important open questions with respect to 59 

nucleobase sequences are how simple can be their constituent monomers, and what is the 60 

minimal sequence length that can drive the emergence of replication networks.  61 

To shed light on those issues, herein we describe a new family of very simple exponential 62 

replicators emerging from monomers that display adenine or thymine (A and T), connected 63 

through amide bonds to the amino groups of cysteine (Figure 1A). The role of the amino acid in 64 

these molecules is to link the nucleobases in a sequence, through oxidation of its reactive thiol 65 

into dynamic disulfide bonds. Despite the short length of these nucleobase sequences, 66 

supramolecular studies showed that they are able to control the self-assembly of the three 67 

formed species (AA, TT and AT), thus determining their replication efficiency. In-depth kinetic 68 

experiments and simulations were used to study how the resulting aggregates affect the 69 

irreversible auto- and cross-catalytic oxidation pathways of A and T, and the concomitant 70 

reversible disulfide exchange reactions (Figure 1B). In spite of the low complexity of the 71 

studied replicators, both in terms of the monomers structure (much simpler than that of 72 

ribonucleotides) and of the sequence length (dimers), complementarity of nucleobases enhances 73 

self-assembly and so the replication rate of the corresponding auto- and cross-catalytic pathways 74 

(AT and AA/TT, respectively), suggesting an adaptive potential that involves the interplay of 75 

different collective and competitive dynamic interactions between them.   76 

 77 

 78 

 79 



4 

 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

Figure 1. (A) Set of building blocks and transformations that constitute the reaction network 94 

under study. A and T are thiol monomers with a single nucleobase, and therefore lack the 95 

potential to self-assemble. Black arrows represent the oxidation of A and T into the disulfide 96 

dimers AA, TT and AT, which can occur in a non-catalyzed manner or alternatively via auto- 97 

and cross-catalysis, provided that they are in sufficient concentration to form 'catalytic' 98 

aggregates. Grey arrows represent disulfide exchange reactions. (B) Replication network 99 

topology, showing cartoons of all possible auto- and cross-catalytic pathways. The three 100 

disulfides can self-aggregate (the aggregates being represented as polymers of the 101 

supramolecular dimers), which leads to their autocatalysis, with a higher efficiency for AT due 102 

(A) 

(B) 
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to the presence of complementary nucleobases. AA and TT can also replicate through cross-103 

catalysis based on the complementarity of their nucleobase sequences. 104 

 105 

Results 106 

Synthesis and self-assembly of the network components. The network building blocks (A and 107 

T) and the corresponding disulfide homodimers were synthesized and characterized as 108 

described in the supporting information (SI, Scheme S1). 1H-NMR revealed a slow oxidation 109 

into disulfides in DMSO (Figure S1), completely stopped in acidic water (Figure S2 bottom), 110 

and fast in aqueous basic medium (pH 11; see Figure S2, top). One of the requisites to establish 111 

base pairing interactions between adenine and thymine, however, is that they stay non-ionized. 112 

In this respect, pH titrations monitored by 1H-NMR confirmed pKa values of 4.14 ± 0.02 for the 113 

protonated adenine moiety in AA (Figure S3A), and of 9.62 ± 0.03 for the dissociation of the 114 

thymine imide NH in TT (Figure S3B). It can be assumed that similar pKa values are applicable 115 

to AT, which is generated together with the homodimers when the oxidation reaction occurs 116 

from a mixture of A and T.  On these bases, and considering that a slightly basic pH is optimum 117 

for disulfide formation/exchange,34 all the subsequent self-assembly and replication experiments 118 

were run in 50 mM borate buffer at pH 8.2. Under these conditions, atmospheric oxygen is the 119 

ultimate oxidant responsible for the transformation of thiol into disulfide derivatives.    120 

The existence of aggregation in such conditions was first demonstrated through diffusion-121 

ordered spectroscopy (DOSY) for samples containing AA, TT or an equimolar mixture of 122 

AA/TT at different concentrations (from 0.1 to 4 mM). The diffusion coefficient (D) was 123 

calculated for all samples, through monitoring of the monoexponential attenuation of NMR 124 

signals during a pulsed field gradient experiment, followed by plotting the obtained D values 125 

versus concentration (Figure 2A-C) to determine the critical aggregation concentration (cac). 126 

Datasets with two clearly differentiated linear regions were obtained for AA and TT, with the 127 

one above the cac showing a larger and constant D value, indicative of the presence of 128 
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aggregates. The intersection between the two lines pointed to specific cac values of 0.51 and 0.9 129 

mM, respectively.  For the AA/TT mixture, a different data distribution was obtained, with a 130 

sharp transition between the aggregated and non-aggregated states. The high values of D 131 

observed at the low extreme of the concentrations range, in comparison to samples with an 132 

equivalent concentration of AA or TT, is likely related to the lower absolute concentration of 133 

each of the individual components in the mixture (half concentration with respect to the pure 134 

samples), which leaves them below their individual cac values.  For the mixed assembly, in 135 

turn, a cac of 0.47 mM was obtained, by fitting the data with a Boltzmann equation (R2 = 136 

0.9993) to detect the slope changing point, suggesting that nucleobase sequence 137 

complementarity induces a stronger and cooperative self-assembly. 138 

 139 

Figure 2. Supramolecular studies of compounds AA, TT, and an equimolar mixture of AA/TT. 140 

(A) Plot of the diffusion coefficient (D) obtained by DOSY experiments versus the concentration 141 

of AA (left), TT (middle) and AA/TT (right). Critical aggregation concentration (cac) values 142 

were calculated as the intersection of two straight lines in the plots for AA and TT, and through 143 

fitting to a Boltzmann-type equation for AA/TT. (B, C) TEM micrographs of AA (left), TT 144 

(middle) and AA/TT (right) at two different concentrations: 1 mM (B) and 2 mM (C) in 50 mM 145 

borate buffer (pH 8.2).  146 
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To assess the morphology of those aggregates, TEM studies were conducted at two different 147 

disulfide concentrations: 1 and 2 mM (Figure 2B and 2C, respectively). At 1 mM, the low 148 

density of objects over the grid indicated minor aggregation of AA and TT, showing spherical 149 

assemblies for the former (Figure 2B left / S5A), yet they were very exceptional (impossible to 150 

characterize them by dynamic light scattering, DLS) and may not be representative of the main 151 

self-assembly pathway, and isolated fibrils for the latter (Figure 2B middle / S6A). Despite their 152 

low abundance, the presence of sulfur detected by energy dispersive x-ray spectroscopy (EDX) 153 

confirmed that all mentioned structures were formed by the corresponding disulfide compounds. 154 

For the AA/TT mixture, intertwined fiber assemblies were observed over the whole grid (Figure 155 

2B right / S7A), in a significantly higher abundance than for AA or TT alone. This points to the 156 

importance of complementary nucleobase pairing to induce aggregation in the mixture. At the 157 

high concentration, aggregation was much more prominent (Figure 2C) and resulted in lamellar 158 

structures for all cases, probably as a result of the hierarchical assembly of fibers into sheets. 159 

The distance between adjacent sheets could be clearly determined in areas where the lamellar 160 

arrangement was perpendicular with respect to the grid surface, yielding similar values (~4 nm) 161 

for AA and TT (Figure S5B/S6B bottom). For AA/TT, the stronger aggregation gave rise to 162 

thicker stacks of sheets (Figure 2B right / S7B) that did not permit estimation of the 163 

interlamellar distance. In any case, the formation of different assemblies for the three systems, 164 

including fibers and lamellar structures depending on concentration, points to a complex 165 

assembly landscape, with contribution from hydrogen bonding interactions, nucleobase π-π 166 

stacking and hydrophobic effects. The involved self-assembly mechanisms will be examined in-167 

depth in subsequent studies but, since previous work has demonstrated the capacity of fibrillar 168 

and sheet assemblies to facilitate replication processes,34,46 we assume these to be the 169 

catalytically active ones also in the present case. 170 

 171 

 172 
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Replication experiments. The initial replication experiments were performed with only one 173 

monomer, either A or T at 4 mM concentration, in a reactor that is open to the air, which allows 174 

replenishing oxygen while it drives the oxidation reaction.a The reaction kinetics were 175 

monitored through reverse phase high-performance liquid chromatography (HPLC, see 176 

experimental section and Figures S8-S11), coupled to electrospray ionization mass spectrometry 177 

(ESI-MS) for identification of species. For this purpose, aliquots were taken at different reaction 178 

times and diluted into 1% aq. TFA, to quench both the thiols oxidation and disulfide exchange 179 

processes. Figures S8/S9 show for instance the gradual decay of monomer and growth of dimer 180 

elution peak areas for the non-templated oxidation reactions. Calibration curves were performed 181 

for A, T, AA and TT in order to quantify their molar concentrations in each aliquot (Figures 182 

S12-S15). The kinetic profiles, plotted from the obtained concentrations at different reaction 183 

times, showed typical features of autocatalysis for both AA and TT (Figure 3A, B): an initial 184 

slow growth of product (induction period) followed by a phase of faster growth (autocatalysis) 185 

until full conversion of monomer into dimer. This effect was not observed in a control 186 

experiment where the oxidation of non-functionalized cysteine was monitored, for which the 187 

consumption of thiol and the appearance of disulfide was much slower (only 54% conversion 188 

after 500 h), and there was not the exponential acceleration of the reaction rate characteristic of 189 

autocatalysis (Figure S16). Importantly, for the nucleobase-containing systems, the change in 190 

curve slope was observed at a product concentration that matches its cac value, as determined 191 

by DOSY, proving that there is no autocatalysis in the absence of aggregates (i.e., below the 192 

cac).  To confirm the products’ autocatalytic nature, seeded experiments with 30% of AA or TT 193 

were conducted, maintaining the total concentration of starting materials in the same range as in 194 

the non-templated reactions. In both cases, a shortening of the induction period and an overall 195 

decrease in the reaction time was observed (Figure 3C, D; while Figure S17A and S17B shows 196 

                                                             
a Considering the solubility of oxygen at rt (8 mg/L), a concentration of 0.25 mM is assumed. 

However, the oxidation reaction is slow, and the reactor is open to the air, which allows 

dissolving more oxygen while the reaction keeps progressing.  
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the direct comparison of seeded and non-seeded experiments), indicating that they actually 197 

contribute to increase the reaction rate. This effect was less prominent for TT, probably due to 198 

its lower tendency to aggregate (higher cac). 199 

Similar results were obtained when conducting the reactions from a mixture of A and T (2 200 

mM each). Figure 3E depicts the kinetic profiles obtained from HPLC monitoring over time 201 

(Figure S10), revealing the characteristic features of replication kinetics for both AA, TT and 202 

AT. Experiments seeded with 20% of a previously finished reaction resulted in a shortening of 203 

the induction period for the three replicating species (Figure 3F, S17C and S17D). However, the 204 

scenario becomes significantly more complex when the two nucleobases are present, as 205 

disulfide exchange reactions can also occur. To study the role of these exchange processes in the 206 

global network kinetics, two different reactions were performed (4 mM T + 2 mM AA and 4 207 

mM A + 2 mM TT) with HPLC monitoring (Figure S11). In the obtained kinetic curves, two 208 

stages could be distinguished, the first one corresponding to a preeminent role of disulfide 209 

exchange during the first 7 h of reaction (Figure 3G and 3H).  210 

 211 

 212 

 213 

 214 
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 215 

Figure 3. Kinetic profiles corresponding to: (first row) the autocatalytic formation of AA (A), 216 

TT (B), and the mixture of possible replicators AA/TT/AT (E); (second row) seeded 217 

experiments for the autocatalytic formation of AA (C), TT (D), and AA/TT/AT (F); (third row) 218 

disulfide exchange reactions (up to 7 h) between AA and T (G) or TT and A (H). Each panel 219 

shows the evolution of all involved species over time through experimental data (square data 220 

points) and fit curves (marked as []T in the figure legend), while the set of rate equations used 221 

for fitting are depicted in Table 1. In the templated reactions (C, D, F), the total concentration 222 

of starting materials was maintained in the same range as in the non-templated ones (A, B, E), 223 

with minor experimental deviations that are difficult to avoid but are considered in the 224 

mathematical analysis. Importantly, the non-seeded experiments were repeated three times, 225 

while seeded experiments and disulfide exchange reactions were repeated twice (Figures S17-226 

S20). The treatment of fitting errors with such repeats is shown in section 6 of the SI.  227 

 228 

Kinetic analyses. The above replication data were used to analyze the contribution of all 229 

involved processes in the global network kinetics. Two different reactions were initially 230 
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considered for the formation of each disulfide homodimer: the non-catalyzed (R-A1, R-T1) and 231 

the autocatalytic oxidation (R-A2, R-T2) of the corresponding monomeric thiol (Table 1, boxes 232 

1 and 2). In the reaction schemes, AAag and TTag refer to the self-assembled products, and 233 

emerge from the aggregation processes R-A3 and R-T3. For kinetic calculations, hence, the 234 

concentration of aggregated replicator is needed at any given time. According to Chen et al.,47 235 

the AAag and TTag concentrations are given by equation Eq-S1 (Section 5 in the SI), in which 236 

the total concentration of aggregating compound (CT) can be expressed as a function of C1 (the 237 

concentration of molecularly dissolved compound),  (a parameter related to the reaction 238 

mechanism) and Keq (the equilibrium constant of the aggregation process). This equation can 239 

become complex to solve, but the problem is approachable considering that when CT is below 240 

1/Keq, most molecules are in the monomeric form, whereas molecules aggregate rapidly if CT 241 

exceeds that value. In Figure S21, for example, when the analytical solutions of Eq-S1 for 242 

different values of  are compared to the proposed simplification, the outcome differences are 243 

negligible. Consequently, in the kinetic model below, Eq-S1 is simplified for all the different 244 

aggregation processes assuming that 1/Keq = cac (an assumption that is valid for any possible 245 

aggregation mechanism, see Figure S21), the cac being determined from the point of slope 246 

change in the kinetic curves (and compared with that obtained experimentally through DOSY 247 

NMR).   248 

Despite calculating the equilibrium constants of the studied dinucleobase compounds, 249 

modelling the kinetics of the replication network constituted by AA, TT, AT, and their thiol 250 

precursors, required addressing the rate equations for all the oxidation and thiol-disulfide 251 

exchange processes involved. The mechanistic and kinetic details of thiol oxidations and disulfide 252 

exchange are complex, however, as they depend on the employed oxidant, pH, the presence of 253 

metallic ion salts, etc. While the latter are always first-order on both thiol and disulfide, the former 254 

can vary with the conditions and mechanism, usually being first- or even lower-order with respect 255 

to the thiol.48,49 Since the mechanism of auto- and cross-catalysis exerted by the dinucleobase 256 

assemblies was not known, equations with different orders with respect to both the monomeric 257 
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thiols and the disulfide aggregates were initially considered. Although in simpler systems, i.e., 258 

with reactions that occur in an isolated parallel fashion, the orders would be determined for each 259 

isolated process, the complexity of the network under study does not make it plausible to probe 260 

the different rate equations individually, not even recommendable for predicting its collective 261 

behavior, as there are always at any moment various reactions occurring at the same time. Instead, 262 

there are other approaches, involving fitting and simulating experimental data globally, which are 263 

being applied in systems chemistry for the study of complex autocatalytic networks.35,37,41,45 In 264 

the present case, a method for global kinetic analysis through fitting of the experimental data into 265 

different possible rate equations was developed. This method is not only based on choosing the 266 

lowest mean absolute percentage errors and R2 values of the corresponding fittings (see Tables 267 

S1-S3), but also on plotting dispersion graphs for the different fits that clearly point to specific 268 

rate equations and rule out the others (i.e., panel H in Figures S22 and S23). Moreover, it is 269 

strongly supported on an experimental basis, having employed data from up to five replication 270 

experiments (around 270 data points per dispersion graph) for each of the studied pathways (i.e., 271 

the autocatalysis of AA or TT, and the auto- and cross-catalytic amplification of AT and AA/TT), 272 

and enables addressing the complexity of the described replication network and other possible 273 

future systems.  274 

That type of analysis was first applied to the case of the single-nucleobase replicators, that is, 275 

to the autocatalysis of AA or TT. The different rate equations for non-catalyzed (Eq-A1 and 276 

Eq-T1 represent the fittest ones according to the dispersion graphs in Figure S22 and S23, 277 

respectively) and autocatalytic regimes (Eq-A2 and Eq-T2, selected in the same manner) were 278 

defined in a MATLAB program (Table 1, boxes 1 and 2). The equilibrium constants of 279 

aggregate formation were considered through equations Eq-A3 and Eq-T3 (see above). The 280 

fitting curves can be seen in Figures 3A-D (with R2 above 0.99 in all cases), and correspond to a 281 

global order of three for the autocatalytic stage (Eq-A2 and Eq-T2) and two with respect to the 282 

aggregated replicator. For a complete statistical treatment of fitting errors, see section 6 of the 283 

SI (Tables S1-S3 and Figures S22 and S23). The fact that the best fittings were obtained for a 284 
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reaction order of two with respect to the replicating species (therefore higher than one) points to 285 

an exponential growth.34,50 This was confirmed by plotting the reaction rate versus the replicator 286 

concentration, which shows the characteristic behavior of exponential replicators (see an 287 

example for AA in Figure S24), as previously described by von Kiedrowski.50 The orders 288 

obtained in the rate equations Eq-A2 and Eq-T2 actually imply that in the 'catalytic' hybrid 289 

assemblies of monomeric thiol and disulfide dimer, the required ratio between both for the 290 

monomer to get activated towards oxidation is of 1:2. Further studies will however be devoted 291 

to propose a solid mechanistic scheme of this replication process. In any case, it is worth 292 

mentioning that the kinetic constants for the catalyzed reactions were about one order of 293 

magnitude greater than the non-catalyzed ones.b The calculated equilibrium constants (KAAag = 294 

1.9 mM-1 and KTTag = 1.25 mM-1) in turn led to cac values of 0.53 and 0.8 mM, respectively, 295 

which are really close to those obtained from DOSY experiments, confirming the quality of the 296 

obtained kinetic fits.  297 

A similar procedure was applied for calculation of disulfide exchange kinetic constants, 298 

considering four possible reactions/equations (R-E1 to R-E4 / Eq-E1 to Eq-E4 -- Table 1, box 299 

3; fitting curves in Figure 3G, H) and all previously calculated constants (kA, kT, kAc, kTc, KAAag 300 

and KTTag). Importantly, the observed rates for disulfide exchange are about one order of 301 

magnitude slower than expected (they usually take place in the range from seconds to 302 

minutes).49 This fact can attributed to the effect of aggregation, which reduces the amount of 303 

available disulfide for the reaction to take place. The constants resulting upon fitting (ke1, ke2, 304 

ke3, ke4) are on the other hand one order of magnitude larger than those for the autocatalytic 305 

oxidation of monomeric thiols, which makes their reaction rates comparable.  306 

Concerning the analysis of replication from mixtures of both nucleobase monomers, the 307 

landscape of non-covalent assembly pathways is more complex than for single replicators. In 308 

                                                             
b All the kinetic constants obtained with this model are apparent constants, as they involve the oxygen 

concentration in solution. 
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addition to the self-assembly of AA and TT, two other aggregate types must be considered, 309 

resulting from either complementary interaction between AA and TT (AATTag) or from self-310 

pairing of AT (i.e., ATag). These aggregates enable auto- and cross-catalytic reactions, as 311 

AATTag can aid in reactions producing AA and TT (R-A4 and R-T4, respectively – Table 1, 312 

box 4), and ATag can assist in its own formation (R-AT2) (Table 1, box 5). For mathematical 313 

fitting of these processes (Figure 3E, F), all constants concerning the non-catalyzed and 314 

autocatalytic formation of TT and AA, the disulfide exchange reactions, the aggregation 315 

constants of AA and TT and the order of those reactions with respect to aggregates in the 316 

autocatalytic regime were used as previously calculated. An additional requirement for the 317 

fitting was to assume that the two kinetic constants involved in the cross-catalysis of AA and 318 

TT (KAATT1 and KAATT2) must be identical. 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 
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 333 

Table 1. Kinetic analysis of the replication network. Boxes 1 and 2 concern the irreversible 334 

reactions (either non-catalyzed or autocatalytic) of oxidation of A and T into AA and TT, 335 

respectively, and the equilibrium of aggregation of the latter species, as the resulting 336 

aggregates are involved in the autocatalysis. Box 3 includes the four possible disulfide 337 

exchange reaction steps. Boxes 4 and 5 refer to the cross-catalysis of AA/TT and the 338 

autocatalysis of AT, respectively. In all boxes, the table details each of the involved processes, 339 

the equations that govern them and the values of the resulting rate/equilibrium constants. The 340 

order of the reactions, with respect to the monomers and the catalytic aggregates, in equations 341 

Eq-A2, Eq-T2, Eq-A4, Eq-T4 and Eq-AT2 was determined through fitting of the experimental 342 

data into rate equations with different orders (see Tables S1-S3), selecting those that led to the 343 

lowest mean absolute percentage errors and R2 values > 0.99. Dispersion graphs for the 344 

different fits (Figures S22 and S23) helped confirming the selected rate equations.    345 

 Reaction Equation Constant 

B
o

x
 1

 

R-A1 𝐴 + 𝐴 →  𝐴𝐴 Eq-A1 𝑘𝐴[𝐴] 𝑘𝐴 = 2.22 · 10−3 h-1
 

R-A2 𝐴 + 𝐴 
𝐴𝐴𝑎𝑔→    𝐴𝐴 Eq-A2 𝑘𝐴𝑐[𝐴][𝐴𝐴𝑎𝑔]2 𝑘𝐴𝑐 = 9.68 · 10−3 mM

-2
 h

-1
 

R-A3  𝐴𝐴  ←→  𝐴𝐴𝑎𝑔 Eq-A3 𝐾𝑒𝑞𝐴𝐴𝑎𝑔 = 1 [𝐴𝐴]𝑐𝑎𝑐⁄  𝐾𝑒𝑞𝐴𝐴𝑎𝑔 =1.9 mM
-1

 

B
o

x
 2

 

R-T1 𝑇 + 𝑇 →  𝑇𝑇 Eq-T1 𝑘𝑇[𝑇] 𝑘𝑇 = 2.04 · 10−3 h
-1

 

R-T2 𝑇 +  𝑇 
𝑇𝑇𝑎𝑔→   𝑇𝑇 Eq-T2 𝑘𝑇𝑐[𝑇][𝑇𝑇𝑎𝑔]2 𝑘𝑇𝑐 = 2.24 · 10−2 mM

-2
 h

-1
 

R-T3  𝑇𝑇  ←→  𝑇𝑇𝑎𝑔 Eq-T3 𝐾𝑒𝑞𝑇𝑇𝑎𝑔 = 1 [𝑇𝑇]𝑐𝑎𝑐⁄  𝐾𝑒𝑞𝑇𝑇𝑎𝑔 =1.25 mM
-1

 

B
o

x
 3

 

R-E1 𝐴 + 𝑇𝑇  → 𝑇 +  𝐴𝑇 Eq-E1 𝑘𝑒1[𝐴][𝑇𝑇] 𝑘𝑒1 = 0.15 mM
-1

 h
-1

 

R-E2 𝑇 +  𝐴𝐴 →  𝐴 +  𝐴𝑇 Eq-E2 𝑘𝑒2[𝑇][𝐴𝐴] 𝑘𝑒2 = 0.26 mM
-1

 h
-1

 

R-E3 𝐴 +𝐴𝑇 →  𝑇 +  𝐴𝐴 Eq-E3 𝑘𝑒3[𝐴][𝐴𝑇] 𝑘𝑒3 = 0.13 mM
-1

 h
-1
 

R-E4 𝑇 +  𝐴𝑇 →  𝐴 +  𝑇𝑇 Eq-E4 𝑘𝑒4[𝑇][𝐴𝑇] 𝑘𝑒4 = 0.07 mM
-1

 h
-1

 

B
o

x
 4

 

R-A4 𝐴 +𝐴 𝐴𝐴𝑇𝑇𝑎𝑔→     𝐴𝐴 Eq-A4 𝑘𝐴𝐴𝑇𝑇1[𝐴][𝐴𝐴𝑇𝑇]𝑎𝑔2  𝑘𝐴𝐴𝑇𝑇 = 8.10 · 10−2 mM
-2

 h
-2

 

R-T4 𝑇 + 𝑇 𝐴𝐴𝑇𝑇𝑎𝑔→     𝑇𝑇 Eq-T4 𝑘𝐴𝐴𝑇𝑇2[𝑇][𝐴𝐴𝑇𝑇]𝑎𝑔2  𝑘𝐴𝐴𝑇𝑇𝑐 = 8.10 · 10−2 mM
-2

 h
-2

 

R-AATT 𝐴𝐴 +  TT  ←→  𝐴𝐴TT𝑎𝑔 Eq-AATT 𝐾𝑒𝑞𝐴𝐴𝑇𝑇𝑎𝑔 = 1 [𝐴𝐴𝑇𝑇]𝑐𝑎𝑐⁄  𝐾𝑒𝑞𝐴𝐴𝑇𝑇𝑎𝑔 = 2.10 mM
-1

 

B
o

x
 5

 

R-AT1 𝐴 + 𝑇 → 𝐴𝑇 Eq-AT1 𝑘𝐴𝑇[𝐴]0.5[𝑇]0.5 𝑘𝐴𝑇 = 1.54 · 10−3 h-1
 

R-AT2 𝐴 +𝑇 𝐴𝑇𝑎𝑔→   𝐴𝑇 Eq-AT2 𝑘𝐴𝑇𝑐[𝐴]0.5[𝑇]0.5[𝐴𝑇]𝑎𝑔2  𝑘𝐴𝑇𝑐 = 0.14 mM
-2

 h
-2

 

R-AT3  A𝑇  ←→  𝐴𝑇𝑎𝑔 Eq-AT3 𝐾𝑒𝑞𝐴𝑇𝑎𝑔 = 1 [𝐴𝑇]𝑐𝑎𝑐⁄  𝐾𝑒𝑞𝐴𝑇𝑎𝑔 = 2.07 mM
-1
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This global analysis of the network kinetics revealed interesting aspects of its behavior. 346 

While the uncatalyzed oxidation reactions have very similar values for the three possible 347 

disulfides, the auto-/cross-catalytic reactions were ~4-5x faster when there is complementarity 348 

between nucleobase sequences (i.e. for AT and AA/TT) than when there is not (i.e., for AA or 349 

TT). Indeed, according to the calculated Keq values for the aggregation of both AATTag and 350 

ATag (~2.1 mM-1), their cac would correspond to 0.47 mM (total concentration of disulfides), in 351 

agreement with the DOSY data. These minimal nucleobase sequences therefore seem to 352 

enhance their replication through complementary base pairing. 353 

 354 

Interplay between synergistic/self-replication pathways. A complete kinetic assessment like the 355 

one presented herein, involving all the processes within a complex replication network with up 356 

to 4 different interconnected auto- and cross-catalytic pathways, is unprecedented in systems 357 

chemistry, and shall be crucial to predict the collective behavior of this type of systems.51 For 358 

this purpose, it was decided to run model simulations, parametrized and constrained by the 359 

obtained experimental data, allowing to explore biological concepts (e.g., global adaptability, 360 

bistability, etc.) in conditions that are not easily accessible from an experimental point of view, 361 

which will be helpful to design new out-of-equilibrium experiments in future works. According 362 

to the above kinetic analysis, the network topology presents two dominant competing pathways: 363 

the autocatalytic replication of AT (Figure 1B, top cycle); and the synergistic assembly of 364 

AA/TT, which results in cross-catalysis towards their common formation (Figure 1B, bottom 365 

cycle). In a closed reactor, fast disulfide exchange contributes to balance both pathways, leading 366 

to a statistical mixture of the three replicating species (see Figure 3E and 3F). In contrast, in an 367 

open reactor, the asymmetry between both competing pathways (see Table 1, boxes 4 and 5), 368 

together with their possible interconversion through exchange reactions, may lead to adaptive 369 

behaviors.52 To predict the evolutionary potential of this network topology in open 370 

environments, a continuous perfect mixing reactor (section 5 in the SI) was modeled using the 371 

previously determined kinetic data. In the studied configuration, the 20 mL reactor could be 372 
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initially loaded with any possible combination of the three species and continuously fed with 373 

monomers A and T (4 mM) through two different input streams of 1 µL/min, while maintaining 374 

a constant reactor volume through the extraction of an equivalent output current. At these 375 

conditions the residence time of the replicating species in the reactor is 170 h, which ensures 376 

that a stationary state is reached and that they are not washed away by the continuous flow. 377 

When starting from an empty reactor ([replicators]o = 0), the system evolved as expected into 378 

a steady state dominated by AT (SSAT), where [AT] = 1.61 mM and [AA/TT] = 0.32 mM, the 379 

latter meaning total disulfide concentration (Figure 4A, lightest color curves). A significant 380 

decrease in the time needed to reach SSAT was observed when loading the reactor with 381 

increasing initial AT concentrations (Figure 4A). SSAT was also obtained when the reactor was 382 

filled with AA/TT below a threshold concentration (see below). When [AA/TT]o was above 383 

that threshold, however, a new steady state appeared (SSAA/TT) where AA/TT were the dominant 384 

species ([AA/TT] = 1.63 mM) and AT decreased in concentration ([AT] = 0.31 mM) (Figure 385 

4B and S25). A range of initial proportions of AA, TT and AT, and of total initial disulfide 386 

concentration (from 0 to 4 mM), was then tested to determine which steady state would be 387 

reached in each case. The result was a 3D surface (Figure 4C), built from data points for which 388 

the resulting steady state changes, marking the boundary between initial conditions that favor 389 

SSAT (below the surface) or SSAA/TT (above the surface). In the graph, three main regions can be 390 

distinguished. First, AT always gets amplified far below a total initial concentration of 1.2 mM, 391 

and when the initial AT proportion is greater than 0.7. The amplification of AA/TT occurs, on 392 

the other hand, in points far above the surface, at total concentrations higher than 1.4 mM and 393 

initial proportions of AT under 0.6. Finally, in the middle region, close to the surface, small 394 

changes in the initial total concentration or in the ratios of the different replicators produce 395 

jumps from one steady state to another, which suggests a high network adaptability. 396 
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 397 

Figure 4.  Simulations of the network evolution when fed with two input streams (Qin = 1 398 

µL/min) of A and T, in the presence of replicator AT (0 – 2 mM) (A) or AA/TT (0 – 2 mM) (B). 399 

(C) 3D surface representing the reached steady state (SSAT below the surface; SSAA/TT above) for 400 

a range of initial replicator proportions (horizontal axes on the graph) and total replicator 401 

concentrations (CT, vertical axis). The surface marks the boundary between initial conditions 402 

that favor SSAT (below the surface) or SSAA/TT (above).  (D, E) Simulations of the network 403 

evolution when decreasing the exchange constants by six orders of magnitude, with the same 404 

input streams and conditions as in (A) and (B). 405 

The capacity of a dynamic system to reach two different steady states depending on the 406 

initial conditions is called bistability, and in the present case it seems to be related to their 407 
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possible interconversion through disulfide exchange. To test this possibility, the network 408 

behavior was simulated in a hypothetical scenario where the exchange reactions were kinetically 409 

frozen, artificially reducing the values of their kinetic constants by six orders of magnitude 410 

compared to the experimental data (see Table S4). In that situation, the dominant species in the 411 

reached steady state is AA/TT, unless the concentration of AT is initially much higher than that 412 

of the other replicators (Figure 4D and 4E). In addition, the concentration of the ‘losing’ 413 

replicative system drops almost to extinction. The reason for this is that, in the absence of 414 

exchange reactions, the dominant catalytic species gets amplified sufficiently quickly to 415 

consume all the substrates fed into the reactor. This simulation thus proves the importance of 416 

disulfide exchange as wiring reactions that connect the different auto- and cross-catalytic 417 

pathways, endowing the whole replication network with a collectively better adaptive potential, 418 

as it can switch from one replicating system to the other if the conditions are favorable. 419 

Conclusions  420 

The results of this work underscore the likelihood of replication networks emerging in 421 

conditions and from building blocks with reasonable prebiotic plausibility. The replicating 422 

species are built from the amino acid cysteine and two canonical nucleobases, which have been 423 

reported in Miller-type experiments,53 Strecker-derived chemistry54 and HCN/cyanoacetylene 424 

oligomerization reactions.55 Although for practical reasons our synthesis of A and T was 425 

performed following standard organic synthesis techniques, the chemistry of amide and 426 

disulfide bond formation/exchange has been extensively studied in prebiotic contexts.2 More 427 

importantly, the molecular complexity of the replicators AA, TT and AT is significantly less 428 

than that of other different replicator families reported to date, suggesting that the structural 429 

requirements for chemical evolution to step into replicating species was probably not so high. 430 

The present cysteine-based derivatives do not need an oligopeptide or lipid chain to drive their 431 

self-assembly and replication processes. On the other hand, the smallest nucleic acid template 432 

replicators previously described required a minimum sequence of 6 nucleotides.15 As a merge of 433 

both approaches, the self-assembly of AA, TT and AT must be mostly promoted by H-bond 434 



20 

 

interactions between nucleobases, together with π-π stacking and hydrophobic effects. Despite 435 

this makes their self-assembly weaker and the replication times larger compared to previous 436 

peptide- or lipid-based replicators, they gain a rudimentary sequence-based control of the 437 

replication process. Building on such a capacity, the network described herein presents a 438 

collective behaviour that can provide significant adaptability between the individual synergistic 439 

and 'selfish' replication pathways, aided by exchange reactions that allow interconversion 440 

between the different replicator species.  441 

 442 

Methods 443 

Complete procedures for the synthesis and characterization of the network components are 444 

described in the SI.  445 

Self-assembly and replication experiments. A borate-buffered solution (200 mM, pH 8.2) was 446 

employed for all the self-assembly and replication experiments. Boric acid (20 mmol, 1.24 g) 447 

was dissolved in H2O (100 ml), or D2O for the DOSY experiments, and the pH was adjusted to 448 

8.2 with 1 M aq. NaOH (or NaOD). This buffer was used as a stock to prepare all samples, 449 

adjusting the borate concentration to 50 mM in all cases.  450 

Transmission electron microscopy and energy dispersive x-ray spectroscopy was performed in 451 

a JEOL JEM-2100 electron microscope (JEOL Ltd., Tokyo, Japan) operated at 200 kV, 452 

preparing samples as follows: 5 μL of sample solution were applied to glow discharged 453 

formvar/carbon-coated grids. Images were acquired with a CCD ORIUS SC1000 camera.  454 

DOSY NMR. Different solutions of AA, TT or equimolar mixtures of AA/TT (0.1, 0.25, 0.5, 455 

0.75, 1, 2, 3 and 4 mM total concentration of disulfide) were prepared in D2O-based borate 456 

buffer, and the pH was readjusted to 8.2. The DOSY measurements were performed using the 457 

longitudinal eddy current (LED) delay pulse sequence. The duration of the magnetic field pulse 458 

gradient (small delta, δ) was 2.8 ms and the diffusion delay (big delta, Δ) was 100 ms in order to 459 

obtain less than 3% residual signal with the maximum gradient strength. The number of 460 
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accumulated scans (ns) was set between 32 and 80 depending of the sample concentration. The 461 

pulse gradients were incremented in ns steps from 2% to 95% of the maximum gradient strength 462 

(53.5 G/cm) in a linear ramp. The Eddy Current delay (te) and the pulse separation (ts) were set 463 

at 5 and 0.2 ms, respectively, in all experiments. For details on the calculation of D, see section 464 

2 in the SI. 465 

Replication experiments. A solution of A or T (5.3 mM) in water (for the one-component 466 

autocatalytic reactions), or an equimolar mixture of A and T (2.7 mM each for the two- 467 

component replication processes) was vortexed for 1 min, followed by addition of borate buffer 468 

(200 mM) until dilution to 4 mM of monomer (total cysteine concentration) and 50 mM of 469 

buffer. The mixture was vortexed for 1 min, and the pH was readjusted to 8.2 with NaOH (1 470 

mM). The reaction was stirred at 600 rpm and 20 °C, and monitored through HPLC. Each 471 

experiment was repeated at 3 times. 472 

Seeded replication experiments. Monomer solutions, either with a single component or with an 473 

equimolar mixture of A and T, were prepared as described in the previous paragraph. Once 474 

prepared and while being stirred, the corresponding percentage of seed (20/30% of cysteine) 475 

from a finished reaction was added, and the reaction was kept stirring at 600 rpm and 20 °C, 476 

followed by HPLC monitoring. Each experiment was repeated twice. 477 

Disulfide exchange reactions. A solution of A (4 mM) in borate buffer (50 mM) was prepared 478 

as described above, and mixed with a finalized oxidation reaction of T (containing 100 mol% of 479 

TT) in a 2:1 molar ratio of A/TT. The protocol for the opposite reaction (T + AA) was identical 480 

except for the switch of the nucleobases in the monomeric thiol and the disulfide derivative. The 481 

reaction was stirred at 600 rpm and 20 °C, and monitored through HPLC, repeating twice each 482 

of the experiments. 483 

HPLC-MS. 50 µL aliquots from every experiment were collected at the indicated times and 484 

deposited into 1% aqueous TFA to quench the reaction. The samples were then frozen until 485 

analyzed in a Waters Symmetry® C18 5µm 250×4.6 mm column, eluting them with a linear 486 
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gradient of water to acetonitrile for 15 min. The different species were identified with a single 487 

quadrupole mass detector and quantified with a UV-Vis detector ( = 260 nm).  488 
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