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Generalist versus Specialist Self-Replicators  
Dávid Komáromy, [a] Diego M. Monzón, [b] Ivana Marić, [a] Guillermo Monreal Santiago, [a] Jim Ottelé, [a] 
Meniz Altay, [a] Gaël Schaeffer, [a] and Sijbren Otto*[a] 

 

Abstract: Darwinian evolution, including the selection of the fittest 
species under given environmental conditions, is a major milestone in 
the development of synthetic living systems. In this regard, generalist 
or specialist behavior (the ability to replicate in a broader or narrower, 
more specific food environment) are of importance. Here we 
demonstrate generalist and specialist behavior in dynamic 
combinatorial  libraries composed of a peptide-based and an 
oligo(ethylene glycol) based building block. Three different sets of 
macrocyclic replicators could be distinguished based on their 
supramolecular organization: two prepared from a single building 
block as well as one prepared from an equimolar mixture of them. 
Peptide-containing hexamer replicators were found to be generalists, 
i.e. they could replicate in a broad range of food niches, whereas the 
octamer peptide-based replicator and hexameric ethyleneoxide-
based replicator were proven to be specialists, i.e. they only replicate 
in very specific food niches that correspond to their composition. 
However, sequence specificity cannot be demonstrated for either of 
the generalist replicators. The generalist versus specialist nature of 
these replicators was linked to their supramolecular organization. 
Assembly modes that accommodate structurally different building 
blocks lead to generalist replicators, while assembly modes that are 
more restrictive yield specialist replicators. 

Introduction 

Chemistry, having expanded its scope “beyond the molecule” 
(supramolecular chemistry),[1] has been recently coined “the 
central science”, [2] i.e. the discipline that can explain and possibly 
reconstruct the transition from non-living to living matter.[3] One 
approach, prebiotic systems chemistry[4–9] aims at reconstructing  
the formation of biomolecules and the simplest cellular entities on 
early Earth.  An alternative approach aims at constructing minimal 
living systems stepwise from molecules which were not 
necessarily present on early Earth, nor necessarily used in current 
biochemistry. The requirements of a minimal living system can be 
defined in numerous ways;[10,11] one set of prerequisites,[12,13] 

agreed on by a vast part of the scientific community, entails (i) 
self-replication (autocatalytic subcomponent self-assembly and 
synthesis), [14–22] (ii) compartmentalization (spatial segregation of 
certain parts of the system, enabled by membranes or other 
means of confinement), [23–31] (iii) metabolic activity (the system’s 
ability to harness energy from the environment and to synthesize 
its own components) [32,33] (iv) out-of-equilibrium operation 
(necessity of a constant inflow of material and/or energy for the 
system to operate)[34–42] and (v) open-ended Darwinian evolution 
(continuous evolutionary innovation by formation of mutations and 
selection of mutants that can persist the best in a given 
environment).[43–46]  

 
Scheme 1. Dynamic Combinatorial Chemistry of a System Composed of 

Oligo(ethylene oxide)-Conjugated Dithiol Building Block 1 and Peptide-
Conjugated Dithiol Building Blocks 2 and 3. In previous work we showed how a 
DCL made from ethyleneoxide-functionalized building blocks 1 gives rise to self-
replicating hexameric macrocycles driven by their assembly into sheet-like 
aggregates. In contrast, peptide-functionalized building blocks 2 and 3 yield 
hexamer or octamer macrocycles, respectively, driven by their assembly into 
fibers. In this work we explore the behavior of DCLs made from binary mixtures 
of ethyleneoxide- and peptide-functionalized building blocks yielding specialist 
or generalist self-replicators, depending on the mode of assembly.  

 
Whereas the first four traits can be realized and studied in 

single self-replicating molecules, the last one necessarily requires 
a network[47] of different competing[48] or cooperating[49,50] 
replicators. Whether replicators compete or can cooperate, 
depends on whether they feed on different food niches, one can 
distinguish specialist (monophagous) and generalist 
(polyphagous) replicators. Specialists can only thrive in narrow, 
non-overlapping food niches, with the evolutionary advantage of 
being able to persist in this specific food niche better than 
competing species. In contrast, generalists can feed on wider food 
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niches, and are thus likely to be more adaptable towards change 
in the environment. [51] Moreover, open-endedness requires a vast 
structural space that replicators can (partially) explore on their 
way toward complexification.[13] In the context of de novo 
replicators constructed from simple molecules this requirement 
has two aspects: First, the amount of molecular information 
(building block sequence) passed on from generation to 
generation should increase in the course of evolution. Second, 
the supramolecular structure of the competing replicators might 
differ vastly, resulting in different resilience towards change in 
environmental conditions.[37] The diversification required for open-
ended evolution is likely to benefit from the presence of generalist 
replicators as specialist ones are more likely to occupy only a 
small portion of the possible chemical space. At the same time 
specialist replicators are more likely to stably co-exist with other 
specialist replicators as they rely on smaller and more defined 
food niches. Cooperation between such co-existing replicators 
can aid in overcoming Eigen’s paradox.[52] Thus, whether self-
replicators are specialists or generalist has important evolutionary 
implications. 

 

 
Figure 1. UPLC chromatogram of DCLs prepared from equimolar amounts of 
A) 1 and 2 ([1] = [2] = 2.0 mM) in aqueous borate buffer (50 mM, pH = 8.5) after 
8 days of stirring; B) 1 and 3 ([1] = [3] = 2.0 mM) in aqueous phosphate buffer 
(50 mM, pH = 8.5) after 4 days of stirring. Self-replicating hexamers are marked 
with blue stripes. We observed that the emergence of 38 occurs more reliably in 
phosphate buffer than in borate buffer, hence the use of phosphate buffer in 
(1+3)-based systems. 

Our approach[53] toward synthetic self-replicators is based on 
dynamic covalent chemistry[54–56] of thiols and disulfides.[57] 
Previously, we used peptide-dithiol conjugates such as building 
blocks 2 or 3[58,59] (see Scheme 1), which, upon stirring in aqueous 
solution in air, first form a dynamic combinatorial library (DCL) of 
macrocyclic disulfides. One of these species (hexamer 26 and 
octamer 38, respectively) is able to autocatalytically enhance its 
own formation from its building blocks (i.e. self-replicate), by self-

assembling into fibrous stacks, stabilized by interactions between 
the peptide chains which form β-sheet structural motifs.[60] Stirring 
of the solutions results in breakage of the fibers, thereby 
redoubling the number of catalytic fiber ends, enabling 
exponential self-replication.[61] Notably, this method yielded 
synthetic systems capable of exhibiting biologically relevant 
behavior, such as induced replication,[62–64] speciation,[65] history 
dependence[66] or parasitism.[67] More recently, we reported self-
replicator 16,[68] based on oligo(ethylene oxide)-conjugated dithiol 
1, which self-assembles into densely packed nanoribbons (held 
together mainly by hydrophobic effects) instead of β-sheet fibers.  

It remains unclear what governs whether replicators are 
specialists or generalists. Here we describe our attempts to shed 
light on this issue. We studied the emergence of self-replicators 
from mixtures of 1 and 2, as well as from 1 and 3, first 
characterizing the size and building-block distribution of the 
resulting macrocycles at the molecular level, followed by studying 
the structure of their supramolecular assemblies. We then probed, 
through cross-seeding experiments, to which extent the different 
replicators can grow from building block mixtures with 
compositions different from the ones that they emerged from,  
thereby probing whether the different replicators are specialists or 
generalists. We found that the supramolecular organization of  the 
replicators plays an important role. Within the range of building 
blocks studied, replicators held together by relatively strong 
intermolecular interactions behaved as generalists, whereas 
those held together by weaker interactions behaved as specialist 
as they failed to replicate when offered a food niche different from 
the original one. 

Results and Discussion 

Self-replicating mixed macrocycles emerge from mixed 
DCLs. DCLs composed of building blocks 1 and 2 or 1 and 3 
seemed promising candidates to investigate the specialist-
generalist dichotomy for several reasons. First, the markedly 
different binding strengths within the assemblies (strong, 
directional beta-sheet interactions vs. weaker, nondirectional 
hydrophobic effect) were expected to lead to different 
propensities of the replicators to incorporate precursor molecules 
when competing for resources. Second, peptide-only systems, 
even if composed of multiple building blocks, display the same 
fiber morphology, and thus remain restricted to a small portion of 
the possible assembly space. In contrast, possible mixing with the 
markedly different building block 1 could enable the formation of 
new nanoscale morphologies, thereby expanding the explorable 
structural space, which, in turn, could facilitate the formation of 
generalist replicators. 
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Figure 2. Time evolution of (A,C) differently sized oligomers and (B,D) different 
hexamers in stirred DCLs prepared from equimolar amounts of (A,B) 1 and 2  
([1] = [2] = 2.0 mM) in aqueous borate buffer (50 mM, pH = 8.5) (C,D) 1 and 3  
([1] = [3] = 2.0 mM) in aqueous phosphate buffer (50 mM, pH = 8.5). 

First, we studied the behavior of mixtures composed of 
buildings blocks 1 and 2. Oxidation of an equimolar mixture of 1 
and 2 in aqueous borate buffer (50 mM, pH = 8.2) by air in the 
absence of agitation resulted in a DCL composed mainly of mixed 
trimers and tetramers with minor amounts of pentamers and 
hexamers present (Figure S55A). In stirred solution, mixed 
hexamers suddenly emerged after ca. 8 days (Figure 1A), 
whereas in the absence of stirring, trimers and tetramers 
remained the main components even after 14 days. Similar 
behavior was observed for the (1+3)-system (Figure 1B, Figure 
S55B). Notably, in this case, not even traces of octamer 
replicators (formed from pure 3 when in isolation) could be 
observed.  

Detailed study of the kinetics of oligomer formation showed 
a lag phase followed by a sudden growth period for hexamers (as 
well as for pentamers in the (1+2)-system), characteristic for self-
replicators (Figure 2A, C). In order to confirm the autocatalytic 
nature of hexamer growth, seeding experiments were carried out. 
A pre-oxidized, non-agitated DCL (food) prepared from equimolar 
amounts of building blocks 1 and 2 ([1] = [2] = 2.0 mM) was treated 
with 15 mol% of a mixture of hexamers (seed) prepared from a 
DCL with the same composition. In the seeded sample, 
immediate growth of the corresponding hexamers was observed, 
while in the unseeded sample, hexamer growth started only after 
a lag phase of ca. 50 hours (Figure S57 and Figure 7C, vide infra). 
Similar experiments were carried out for the (1+3)-system (Figure 
7F). These results show that the ensemble of the mixed hexamers 
prepared from an equimolar mixture of 1 and 2 are self-replicators 
(abbreviated as (1+2)6). Also mixed hexamers (1+3)6  can be 
regarded as a distinct set of self-replicators. Additionally, 
transmission electron microscopy (TEM) experiments (Figure S58, 
S59) showed the presence of nanoscale fibers for both (1+2)6 and 
(1+3)6 (laterally associated ones in the latter case). We conclude 
that the ensemble of mixed hexamers exhibits similar properties 

to the one-component replicators, regarding their kinetics of 
formation as well as their supramolecular structure. 

 

 
Figure 3. Relative distribution of hexamer and octamer replicators in 

mixed DCLs prepared from A) 1 and 2 ([1] + [2] = 4.0 mM) in aqueous borate 
buffer (50 mM, pH = 8.5) B) 1 and 3 ([1] + [3] = 4.0 mM) in aqueous phosphate 
buffer (50 mM, pH = 8.5), as the function of mol% 1. C) Theoretical distribution 
of hexamers as the function of mol% 1, based on a binomial probability of 
building block incorporation in the various hexamers. Note that the presence of 
isomeric hexamers is evident, and we cannot not exclude that their replication 
properties are different. However, as it is far from trivial to separately quantify 
the different isomers, we treated them together in this study. 

 
 
Mixed self-replicators emerge as one set of species. Next, 

we investigated if certain replicators emerged from the 
corresponding monomers in different amounts than expected 
from the statistical (binomial) distribution. Such behavior would 
enable us to classify these replicators as a set distinct from other 
ones; the resulting classification would then enable the 
comparison of the different replicator sets regarding their food 
niche specificity.  

To this end, we prepared mixed DCLs from 1+2 and 1+3 with 
a total building block concentration kept at 4.0 mM, containing 
increasing amounts of 1. Moreover, in the (1+3)-system, we also 
prepared DCLs with very low molar fractions (<10 mol%) of 1 in 
order to study the effect of stoichiometry on the formation of 
octamer replicators in detail. DCLs containing the monomers in 
different stoichiometric ratios were stirred while exposed to air 
until the library composition showed no further change and the 
DCL members were exclusively hexamers (or octamers in the 
(1+3)-system). UPLC analysis (Figure 3A-B, Figure S60-S61) 
showed that the distribution of the relative amounts of hexamers 
was close to statistical (i.e. binomial distribution based on the 
corresponding monomer composition, Figure 3C). Notably, the 
relative amount of octamer 38 decreased rapidly in the presence 
of even minute amounts of 1 (0-10 mol%, Figure S61A-D) and the 
corresponding building-block material was incorporated into the 
1n36-n mixed hexamers. Interestingly, the hexamer 36 formed in 
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substantial amounts between 3 and 30 mol% 1, although, octamer 
38 is formed when starting from only building block 3. [59] The only 
mixed octamer present in detectable although minor amounts (< 
6 mol%) was 1137 (Figure S61B-C). These results indicate that 
the stoichiometry was more strongly dictated by 1 than by 3.  

These findings show that the two building blocks are 
incorporated into the various hexamers with the same probability. 
In other words, there is no specific hexamer whose formation is 
thermodynamically or kinetically preferred compared to the others. 
Thus, based solely on stoichiometry, we could not separate the 
replicators into distinct sets. 

Supramolecular properties show sudden phase 
transition behavior, allowing the distinction between 
replicator sets. Next, we examined how the morphological 
properties of the system change as a function of stoichiometry. 
Specifically, we were interested whether, by increasing the 
concentration of one building block at the expense of the other, 
the transition from one supramolecular structure to another is 
gradual or characterized by a sudden phase change. In the latter 
case, we could classify the replicators formed by different building 
block stoichiometries, into distinct sets. Furthermore, as 
replication kinetics (i.e. autocatalytic activity) can strongly depend 
on the dimensions and the nature of the formed assemblies,[69,70] 
the supramolecular structure might strongly influence the 
replicators’ ability to sequester different food molecules and 
consequently also the food niches in which the replicator set is 
able to grow. 

First, thioflavin T (ThT) and Nile Red fluorescence assays 
were used in parallel to examine the hexamer assemblies formed 
from DCLs with increasing amounts of 1 (Figure 4). On the one 
hand, the β-sheet structural motif, characteristic for the peptide 
replicator fibers, can be easily detected by the enhanced 
fluorescence of ThT at 480 nm, caused by intercalation of the ThT 
molecule between the peptide chains. On the other hand, Nile 
Red shows enhanced fluorescence in lipophilic 
microenvironments[71] and thus stains the nanoribbons composed 
of 16, as shown previously.[68] These spectral features are 
expected to be mutually exclusive in the present case: 16, 
assemblies do not contain β-sheet motifs due to the absence of 
peptide chains, whereas the interior of peptide fibers is expected 
to be much more polar than that of the nanoribbons, due to the 
high local concentration of amide bonds (vide infra). 

 
Figure 4. Maximum thioflavin T (blue trace) and Nile Red (red trace) intensities 
of stirred DCLs prepared from building blocks A) 1 and 2 ([1] + [2] = 4.0 mM) B) 
1 and 3 ([1] + [3] = 4.0 mM) with increasing molar percentage of 1. 

Our results show that (i) The emission intensity in the Nile 
Red assay was 6 times higher for 16 than for 26 and 38, whereas 
the intensities measured in the ThT assay were ca. 17 and 4 times 
lower for 16 than for 26 and 38, respectively. These results indicate 
that the two assays are indeed mutually exclusive, as expected. 
(ii) In the (1+2)-system, both assays showed an abrupt change in 
fluorescence intensity at compositions close to that corresponding 
to the pure replicators (Figure 4A): ThT fluorescence dropped to 
a value 8 times lower at 10 mol % of 1, whereas Nile Red 
fluorescence showed a somewhat less abrupt change at ca. 20 
mol % of 2 (80 mol % of 1). These findings suggest that the 
specific assemblies do not maintain their well-defined 
characteristics upon incorporating even a small (10-20 mol %) 
fraction of the other building block. (iii) In the (1+3)-system (Figure 
4B), slightly different results were obtained. The fluorescence 
intensity measured in the Nile Red assay started to increase at 
lower 1-content (60 mol % 1) than in the (1+2)-system (80 mol% 
1). The ThT assay showed more marked differences: the 
fluorescent signal dropped significantly only at high 1-content (80 
mol %) in contrast to the (1+2)-system (10 mol%). We concluded 
that the mixed (1+2, 1+3) hexamer assemblies could retain their 
β-sheet character even upon incorporation of large relative 
amounts of 1. In contrast, the structure of the 16 – assemblies 
could not be maintained upon incorporation of the peptide building 
block. 

 
 

Figure 5. Ellipticity (measured at 211 nm) of DCLs containing mixed hexamers 
of A) 1 and 2 ([1]+[2] = 4.0 mM), B) 1 and 3 ([1]+[3] = 4.0 mM) with increasing 
molar percentage of 1. 

Next, we used CD spectroscopy to monitor how the 
supramolecular helicity of the two-component systems changes 
with increasing stoichiometry. Notably, 16 self-assembles into 
achiral nanostructures,[68] whereas the peptide β-sheets have a 
characteristic supramolecular CD signature.[60] Consequently, the 
measured ellipticity can be regarded as an indication of peptide-
induced chiral organization in the assemblies. The CD signals 
characteristic of β-sheets disappeared already at 10 mol % of 1 
(Figure 5, Figure S62, S63), indicating that the β-sheet fiber 
structure collapses even upon the incorporation of minor amounts 
of 1. Notably, according to the UPLC measurements, samples 
prepared from 10 mol% 1 still contained significant amounts of 26 
or 36 (which form chiral assemblies).[58,59] This discrepancy 
indicates that the pure peptide hexamers, although present in 
large quantities, were mainly incorporated into seemingly achiral 
nanostructures. Furthermore, in the (1+3)-system, the CD signal 
intensity started to decrease at much lower (10-20 mol %, Figure 
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5B) 1-content than the ThT fluorescence intensity (80 mol %, 
Figure 4B), although both assays are, in priniciple, diagnostic for 
the same structural motif. This discrepancy can be resolved by 
considering that ThT might not be able to reach all β-sheet 
domains as these are shielded by the extensive lateral 

association of the (1+3) hexamer fibers (evident from the TEM 
data in Figure S59). In contrast, interaction of polarized light with 
the sample is less prone to yield such artifacts (i.e. CD signals 
reflect the global average chirality of the sample.) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.

Figure 6. AFM micrographs and selected height profiles of stirred DCLs prepared from I. building blocks 1 and 2 (([1]+[2] = 4.0 mM) in aqueous borate buffer (50 
mM, pH = 8.5) containing A) 0, B) 10, C) 20, D) 30, E) 40, F) 50, G) 60, H) 70, I) 80, J) 90, K) 100 mol % of building block 1 and of L) a non-stirred, oxidized DC  
containing 50 mol % 1. II. building blocks 1 and 3 (([1]+[3] = 4.0 mM) in aqueous phosphate buffer (50 mM, pH = 8.5) containing M) 0, N) 5, O) 10, P) 20, Q) 30, R  
40, S) 50, T) 60, U) 70, V) 80, W), 90 X) 100 mol % of building block 1. Scale bar, 200 nm. Color code: Red: nanoribbons, Blue: chiral (helical) fibers, Green: achira  
fibers 
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Next, AFM was used in order to gain more direct insight into 
the changes of self-assembly modes as a function of 
stoichiometry (Figure 6). Previous studies showed characteristic 
differences between the two end points of the stoichiometric 
window, i.e. the pure replicators: Peptide replicators self-
assemble into individual fibers (10 nm in width, 5 nm in height), 
which associate pairwise to give helical double fibers. [60]  In 
contrast, 16 self-assembles into wide nanoribbons (30-40 nm in 
width, 2 nm in height). [68] 

Our results showed three distinct nanoscale morphologies as 
the relative amount of 1 is increased from 0 to 100 mol% for both 
systems. In case of the (1+2)-system, at very low amounts (0-10 
mol%) of 1 first the expected twinned chiral fibers similar to the 
ones formed from 26 were detected (Figure 6A). Next, between 
20-70 mol% 1 (Figure 6C-H), the fibers displayed no apparent 
chirality, and their heights were more variable (2-7 nm, vide infra). 
Finally, at about 80 mol % of 1 the nanoribbons characteristic of 
16 became predominant (Figure 6I-K).  

Most notably, the self-assembled structures formed from 
pure replicators disappear upon the incorporation of even minor 
amounts of the other building block. This trend corresponds to a 
sudden change rather than a continuous transition at the 
supramolecular level. In the case of 26 (Figure 6B) this change 
implies the disappearance of supramolecular chirality at 10 mol% 
of 1 (in line with the sudden disappearance of CD signal at the 
same stoichiometry, see Figure 5A), although UPLC analysis 
indicated the presence of substantial amounts of 26, which on its 
own is expected to form chiral assemblies. In other words, the 
morphology of the assemblies of the mixed hexamers determines 
the overall morphology of the sample. In the case of 16, this rapid 
phase change is even more pronounced: at 80 mol% 1 (Figure 
6J,V), nanoribbons are detected as objects phase-separated from 
the fibers (or ribbons) from mixed hexamers. Together with the 
fact that the fluorescence intensity in the Nile Red assay starts to 
increase at approximately the same stoichiometry (Figure 4A), 
these findings imply that most probably the detected nanoribbons 
are mainly composed of 16. Thus, the 16-nanoribbons appear to 
phase-separate from the assemblies of the mixed hexamers.  

Furthermore, the assemblies arising from mixed (1+2)-
hexamers (Figure 6C-H) show variable heights (2-7 nm) 
compared to those from 16 (2 nm) or 26 (5 nm). On the one hand, 
height decrease can be attributed to the incorporation of 1-units 
with much shorter side chains. On the other hand, the 
incorporated neutral oligo(ethylene) glycol units shield the charge 
repulsion arising from the protonated lysine side chains of the 
peptide units, enabling vertical association of the fibers, which 
might explain the height increase compared to the pure peptide 
fibers. The changes in the (1+3)-system were qualitatively similar, 
however, with pronounced differences. Specifically, at 0-5 mol% 
of 1, the supramolecular chirality of the assemblies (composed 
mainly of 38 and 36) could not be detected by AFM (Figure 6M-N), 
although CD spectroscopy indicated the presence of chiral, 
parallel β-sheets motifs (Figure 5B). This difference is most 
probably due to the strong vertical association of the fibers, 
presumably due to the higher ionic strength of the phosphate 
buffer used in experiments with the 1+3 system. Moreover, the 
height distribution is more irregular (between 5 and 15 nm) than 

for the 26 fibers. At intermediate stoichiometries (Figure 6O-U), 
the irregular, vertically associated peptide fibers are replaced by 
more regular nanoribbons. Based on their height (5-6 nm), 
however, these can be clearly distinguished from the 16-
nanoribbons (height 2 nm), which appear at high (80 mol%) 
relative amounts of 1 (Figure 6V-X). Importantly, a quiescent 
sample, prepared from an equimolar amount of building blocks, 
was found to consist mainly of trimers and tetramers. In this 
sample, nanoscale assemblies were not detected by AFM (Figure 
6L), suggesting that the assemblies are composed of 
hexamers/octamers.  

 
Figure 7. Comparison of self-and cross-seeding experiments, showing 

the time evolution of non-agitated DCLs containing A, D) 1-food, B) 2-food, C) 
(1+2)-food, E) 3-food, F) (1+3)6-food, seeded with 16 (red circles), 26 or 38 (blue 
triangles), 36* (purple pentagons),  and (1+2)6 or (1+3)6 (cyan triangles) as well 
as a non-seeded control (black squares). Seeds denoted as 36* are made from 
a 1:9 mixture of 1 and 3. 

 
In order to obtain precise information about the width of the 

assemblies, TEM measurements were carried out. Analogously 
to the AFM experiments, three different morphologies were 
observed across the stoichiometric window: strongly aggregated, 
20-60 nm long and 5-15 nm wide fibers at low amounts of 1 
(Figure S59A); less aggregated, 80-160 nm long and 25-50 nm 
wide ribbons at intermediate levels of 1 (Figure S59E-F) and 
several hundred (>200) nm long nanoribbons, consisting of 
several uniform, 6-7 nm wide stripes (Figure S59I). 

These results show that the mixed systems feature three 
different supramolecular assembly regimes, two at the narrow 
extremes (5-10 and 80-100 mol% of 1) of the stoichiometric 
window and one in the broad range of intermediate compositions. 
More importantly, the intermediate structures showed more 
resemblance to the peptide fibers than to the 16 –nanoribbons.  

Finally, we note that, although the bulk properties of the 
mixtures (fluorescence, ellipticity etc.) discussed above are 
somewhat variable across repeats, it is unlikely that stochasticity 
underlies this variability. We previously reported a two-building-
block system, similar to the one described here, from which the 
emergence of replicators (hexamer or octamer) is stochastic, as  
a result of highly similar rates of nucleation of the competing 
replicators.[72] For the replicators studied here, nucleation rates 
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differ substantially: 16 starts to emerge in 8-9 hours,[68] whereas 
26 and 38 only emerge after several days.[58]  

Cross-catalytic relations reveal two generalist and one 
specialist replicator set. The spectroscopy and microscopy 
experiments described in the previous sections allowed us to 
distinguish three sets of replicators according to their 
supramolecular organizations: peptide (26 or 38) fibers, mixed 
fibers lacking apparent chiral organization and 16 –nanoribbons. 
The above results suggest that, due to the similarity in geometry, 
peptide fibers and apparently achiral fibers might be able to grow 
in the same, peptide-rich food niches, whereas 16 does not. In 
other words, the two former ones are expected to be generalist 
replicators, whereas the latter one is expected to be a specialist. 

 
Figure 8. Time evolution of cross-seeded DCLs, showing the relative change in 
the concentrations of the individual replicators: A) 1-food and 26-seed, B) 1-food 
and (1+2)6-seed, C) 2-food and 16-seed D) 2-food and (1+2)6-seed, E) (1+2)-
food and 16-seed, F) (1+2)-food and 26-seed. 

In order to test this hypothesis, self- and cross-seeding 
experiments were carried out. In these experiments, partially 
oxidized samples containing mainly trimers and tetramers (food) 
were mixed with 10 mol% of replicator (seed). The amount of 
replicators formed via the seed-catalyzed pathway was measured 
by UPLC and was taken as a direct measure of auto- or cross-
catalytic efficiency of a given replicator in a certain food niche. As 
spontaneous replicator emergence is mechanosensitive, the 
samples were not agitated in order to ensure that hexamer 
formation solely results from the catalytic effect of the added seed. 
Three different food samples were used in each system: 1-food, 
2-food and (1+2)-food (prepared by oxidation of 1, 2 and an 
equimolar mixture of the two building blocks) in the (1+2)-system, 
as well as 1-food, 3-food and (1+3)-food in the (1+3)-system 
(prepared in an analogous manner). In the case of the (1+2)-
system, three corresponding seeds were used: 16, 26 and (1+2)6 
(the latter was composed of hexamers prepared from an 
equimolar mixture of 1 and 2). In the (1+3)-system, besides the 
analogous 16, 38 and (1+3)6 seeds, an additional seed prepared 
from a 1:9 mixture of 1 and 3 was used (denoted 36*). The latter 
seed, containing mainly 36 as replicating species, was designed 
in order to distinguish between macrocycle size and replicator 
identity as decisive factors in cross-catalytic efficiency. Details on 

the seeding experiments can be found in Section 3 of the 
Supporting Information. 

The results show that the hexamer peptide replicators and 
the mixed replicators were mutually cross-catalytic, but they did 
not cross-catalyze the formation of 16 (Figure 7B-C, E-F). 
Correspondingly, 16 is not cross-catalytic toward either the 
peptide or the mixed replicators (Figure 7A, D). Finally, as 
expected, all seeds catalyzed their own formation from their 
corresponding food niches.  

The mutual cross-seeding abilities of 26 and (1+2)6 can be 
rationalized by their closely related morphologies (similar fiber 
width) and the similar intermolecular binding motif (oriented 
peptide-peptide interactions). By the same logic, the ineffective 
cross-seeding between 16 and the other two replicators can be 
attributed to a mismatch in packing mode and/or in the strength 
of secondary interactions holding together the assemblies. 
Interestingly, 26 outperforms (1+2)6 both as an auto – and as a 
cross-catalyst, (Figure 7B-C), probably because the interaction 
strength between catalytic fiber ends and incoming food 
molecules is higher for 26 than for (1+2)6 due to the higher number 
and directionality of binding sites in the former. 

 
Figure 9. Time evolution of cross-seeded DCLs, showing the relative change in 
the concentrations of the individual replicators: A) 1-food and 38-seed, B) (1+3)-
food and 38-seed, C) 3-food and 36*-seed D) (1+3)-food and 36*-seed, E) 3-food 
and (1+3)6-seed, F) (1+3)-food and (1+3)6-seed. Seeds denoted as 36* are 
made from a 1:9 mixture of 1 and 3. 

Detailed examination of the time evolution of the individual 
hexamer macrocycles during cross-seeding experiments 
revealed analogous trends (Figure 8 and Figure 9). In the (1+2)-
system, 16-seed rapidly disintegrated in the presence of 2- and 
(1+2)-food (Figure 8C,E, Figure S66C,D black squares), re-
equilibrating to trimers and tetramers. In contrast, 26- (Figure 8A, 
F, blue diamonds) and (1+2)6-seed (Figure 8B, D, orange circles, 
amount calculated from the total concentration of its main 
components, i.e. [1323] + [1422] + [1224]) persisted in the presence 
of non-self food. It should be noted that generally, the formation 
of a large number of smaller macrocycles (i.e. formation of trimers 
and tetramers) is entropically preferred to that of a smaller number 
of bigger macrocycles, [73,74] as shown for the 16 -seed. However, 
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if the overall interaction strength between the macrocycles of the 
seed assemblies is sufficiently large, it may counterbalance the 
entropy-driven process, as shown for the 26- and (1+2)6-seeds. 

In the (1+3)-system, peptide-containing hexamer replicators 
were able to grow in peptide-containing food niches with different 
compositions, although to a lesser extent (Figure 9C-E). In 
contrast, octamer replicator 38 could only replicate in its own food 
niche (Figure 7E), and although it persisted (but barely replicated) 
in the presence of (1+3)-food (Figure 9B), it disintegrated in the 
presence of 1-food, without giving rise to mixed octamers (Figure 
9A). In other words, no significant cross-catalysis took place 
between replicators of different ring sizes.  

 
Figure 10. Time evolution of DCLs prepared from (1+2)-food ([1] = [2] = 2.0 
mM) and seeded with equimolar amounts of 16 and 26 (10 mol% each) in the 
absence of stirring. Time evolution of the A) total mol% of hexamers (compared 
to a non-seeded control); B) mol% of each hexamer in the seeded sample.  

Taken together, these results (Table 1) indicate that 16 (and 
38) are specialist replicators as they can grow only in food niches 
that corresponds to their exact composition. In contrast, peptide-
containing hexamer replicators are generalists as they are able to 
grow in food niches whose composition are markedly different 
from their own (but contain sufficient food for their growth). We 
thus designed a scenario where a specialist and a generalist 
replicator compete with each other for nutrients in the presence of 
a food which contains building blocks for both replicators. To this  
end, we prepared (1+2)-food ([1]=[2]=2.0 mM) and seeded it 
simultaneously with 16- and 26-seed (10 mol% each) in the 
absence of stirring. Hexamer growth was observed, as compared 
to the non-seeded control (Figure 10A). The kinetic profile was 
similar to the case when only 26-seed was used. Most notably, 16 

again disintegrated rapidly, showing that for this particular system, 
specialist and generalist species do not modulate the behavior of 
each other when both are present in the same sample (Figure 
10B). 

 
 
 
 

Table 1. Auto- and cross-catalytic relationships between replicators A) 16, 26 
and (1+2)6; B) 16, 38, 36* and (1+3)6. Empty = no catalytic relationship; blue = 
positive catalytic relationship, preservation of food and seed stoichiometry; red 
= positive catalytic relationship, loss of either food or seed stoichiometry 

 
 
We observed that information at the molecular level cannot 

be transferred in seeding experiments, i.e. in cross-seeding 
experiments using (1+2)-food, the final hexamer distribution was 
similar regardless of the seed used (Figure S64). We were 
interested whether the same trend holds at the supramolecular 
level. We used fiber chirality as an indicator of supramolecular 
organization and investigated whether chirality can be transferred 
from chiral seeds to food molecules that otherwise would give rise 
to replicator assemblies with no apparent supramolecular chirality. 
In the sample prepared by cross-seeding (1+2)-food with 26-seed 
(Figure 8F) mainly chiral fibers were observed (Figure S65C), 
although the (1+2)6-replicators were shown to assemble into 
apparently achiral fibers (Figure 6C-H), in the absence of seed. In 
contrast, seeding 2-food with (1+2)6-seed, only achiral fibers were 
detected (Figure S65B). These results show that the information 
at the supramolecular level can be transferred during seeding 
experiments. Note that we previously reported that molecular-
level chirality was not transferred during replication of 26, while it 
was heritable for replicator 25 which has a somewhat smaller ring 
size, but also a different mode of assembly.[75]  These 
observations provide further support for the notion that the mode 
of supramolecular organization strongly influences the extent of 
chiral information transfer. Work is currently ongoing on further 
exploring emergence and transfer of chiral information in self-
replicating systems. 

Conclusions 

In summary, we investigated what determines whether self-
replicators are specialists or generalists in a simple system of 
replicators based on oligo(ethylene glycol)-conjugated building 
block 1 and peptide building blocks 2 or 3. Equimolar mixtures of 
1 and either 2 or 3 gave rise to mixed hexamer replicators. Based 
on their supramolecular morphology, the assemblies of mixed 
replicators are different from those composed of pure replicators, 
therefore can be regarded as a distinct set of species. Most 
importantly, auto- and cross-seeding experiments showed that 
the peptide-containing hexamer replicators (both pure and mixed) 
are generalists, i.e. they are able to replicate in at least two very 
different food niches, whereas non-peptide hexamer 16 and 
peptide octamer 38 are specialists, i.e. they replicate only in a very 
specific food niche which is based solely on their constituent 
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building blocks (Table 1). Whether replicators are generalists or 
specialists depends strongly on the supramolecular organization 
of the replicators, which, in turn, is likely related to the interaction 
strength between the building blocks from which they are 
composed: assemblies from strongly interacting building blocks 
appear more forgiving towards the incorporation of other building 
blocks, leading to generalist replicators, while more weakly 
interacting building blocks yield replicators that are less resilient 
to incorporation of structurally different building blocks, yielding 
specialist replicators. 

Synthetic replicators that can demonstrate Darwinian 
evolution based on generalist/specialist behavior are still several 
steps away. Although we recently demonstrated out-of-
equilibrium complexification of synthetic replicators,[76] the system 
described there was based on only one building block. Generalist 
replicators, on the other hand, by definition, incorporate multiple 
building blocks. This, in turn, would render heredity of information 
(building block sequence) difficult, due to the high number of 
possible macrocycle compositions in the case of even a low 
number of building blocks. Sequence specificity, i.e. the preferred 
formation of a macrocycle with a given sequence (or even 
stoichiometry) of building blocks is needed to overcome this 
obstacle. Sequence specificity in disulfide macrocycles has 
recently been demonstrated but either the sequence-specifically 
formed macrocycles were not self-replicators[77] or their molecular 
complexity was relatively low.[78]  Sequence-specific replicator 
formation (via supramolecular interactions pre-programmed in the 
structure of the building blocks), together with large differences in 
the kinetics (length of lag phase) and/or thermodynamics 
(strength of secondary interactions holding together the 
assemblies) of self-replication would pave the way towards 
generalist replicators with reliable heredity of sequence 
information, and toward their Darwinian evolution.  

 

Experimental Section 

The syntheses of building blocks 1,[68] 2 and 3[53,58] were reported 
previously. Experimental details on the preparation (including seeding 
experiments) and analysis (UPLC, LC-MS, fluorescence spectroscopy, CD 
spectroscopy, AFM, TEM) of the libraries is described in the Supporting 
Information. 
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