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Chapter 4 

Sustaining Replicators under Conditions that 

Disfavor their Emergence 



 

 

68 Chapter 4 

4.1. Introduction 

The construction of a system that informs on the mechanism that led to the first living entities 

through a bottom-up approach requires the presence of efficient exponential self-replication.1 

Whereas this represents an important challenge when biomolecules (RNA, DNA etc.) are being 

employed because of difficulties related to product inhibition and competing background 

reactions,2 it has been successfully achieved in fully synthetic chemical systems.3  

However, with the perspective to create a platform for continued Darwinian evolution of such 

systems, prevention of spontaneous replicator emergence has to be taken into account. 

Similarly to biological evolution of species, where living entities evolve from their ancestors,4 

replicators need to mutate their features in conditions where spontaneous emergence of new 

inhibitors does not occur so that the only option is to mutate already existing replicators, to 

eventually start a synthetic tree of de-novo life and observe Darwinian evolution at the 

molecular level. To date, there are no literature precedents regarding the suppression of the 

emergence of new replicators. 

In this chapter, we will report on the inhibition of spontaneous emergence of replicators by the 

development of mixed building-block dynamic combinatorial libraries. A preliminary study of 

those libraries in flow setups was carried out in order to detect the best conditions to start 

observing diversification of existing replicator populations in conditions where emergence is 

inhibited. 

 

4.2. Results and Discussion 

4.2.1. Setup of mixed-building block dynamic combinatorial libraries 

We have recently reported the kinetic behavior of a dynamic combinatorial library made of 3,5-

dithiobenzoic acid.3,5 After full oxidation of the library, the building block forms trimeric and 

tetrameric macrocycles, without showing any sigmoidal growth that would be indicative of the 

presence of self-replicating species. In view of inhibiting the emergence of self-replicators, we 

went on to set up libraries composed of both 3,5-dithiobenzoic acid 2 and the peptide building 

block 1a (Figure 4.1). The peptide building block was chosen because it is able to replicate at 

relatively high flow rates (turnover time down to 10 hours). We set up four different libraries 

with different percentages of building block 2 (5, 10, 20 and 30%). All the libraries were 

prepared in borate buffer (50 mM, pH 8.2), at a concentration of 2.0 mM and stirred at 1200 

rpm. We then monitored the composition of the libraries over time by UPLC and observed the 
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emergence of hexameric replicator in the libraries containing of 5 and 10% of building block 2 

(Figure 4.2 a-b). 

 

Figure 4.1. Structure of (a) building block 1a and (b) building block 2. 

 

 

Figure 4.2. Change in product distributions of DCLs (2.0 mM for both 1a and 2 in 50 mM borate buffer, pH 8.2) 

made with different percentages of building block 2: (a) 5%; (b) 10%; (c) 20%; (d) 30%. 

 

Mixed macrocycles, mainly trimers and tetramers rich in building block 1a, were instead 

observed in libraries containing 20 and 30% of 2 (Figure 1c-d). Therefore, inhibition of 

replicator emergence was successfully achieved within this timeframe with the employment of 

a second building block that proved not to self-assemble in replicating species on its own. The 

composition of such libraries resulted in an increased complexification of the system: in total, 

six mixed macrocycles were characterized, but the chromatograms show also other peaks that 

could not be identified by UPLC-MS. The hexamer 1a6 was still formed, although in small 

amount. 
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To investigate whether replication of 1a6 can still take place even though its emergence appears 

inhibited, seeding experiments on the libraries containing 20 and 30% of 2 were performed. 

We oxidized the libraries to 50% with the addition of sodium perborate, and subsequently 

seeded them with 20% of previously formed hexameric replicator 1a6 (Figure 4.3). Following 

the kinetics with UPLC, we could observe the 1a6 was able to replicate, together with the 

formation of mixed species. Therefore, replication still occurs in libraries where we previously 

observed the inhibition of replicator emergence. This is a promising starting point for working 

in far-from-equilibrium flow conditions: the first attempt is described in the next subsection. 

 

Figure 4.3. Seeding-induced growth of self-replicating macrocycle 1a6 under conditions that appear to inhibit its 
emergence. (a) library containing 20% of building block 2; (b) library containing 30% of building block 2. The 
libraries were seeded on day 1 with 20 mol% of 1a6. 

 

4.2.2. Flow experiments to sustain replication 

In order to start building a platform to observe diversification of replicators, we went on to 

investigate to what extent replication of hexamers of 1a would still take place with increasing 

amounts of non-replicating building block 2 in far-from-equilibrium flow conditions. 

Following the procedure described in Chapter 3 (section 3.2.1), we set up pumps to allow for 

the inflow and outflow of material from the vials. Five libraries (500 µL each) were prepared 

starting from 0.76 mM of 1a6 and 2 using different percentages of building block 2: 20, 50, 70 

and 90% plus a control experiment with only hexameric replicator. In these conditions, 

replicator emergence is inhibited, but the seeding experiments described in the previous 

subsection have shown replication can still occur, at least when the percentage of building 

block 2 is up to 30%. The concentration of both the libraries and the inflow material was 0.76 

mM, and the flow rate was set at 20 µL/h in order to have a turnover time of circa one day for a 

sample volume of 500 µL. The inflow material was prepared in a glovebox (i.e. an oxygen-free, 
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but in this case not a water-free, environment), in order to avoid the emergence of the 

hexamer in the syringes that would alter the composition of the libraries afterwards. 

The control experiment shows that the hexamer is able to sustain its own formation over the 

flow regime (Figure 4.4) for at least four turnovers. When analyzing the mixed libraries, we 

encountered problems with the identification of the peaks related to 1a6 and 2, often resulting 

in peak overlap. Thus, we cannot provide detailed kinetics for the flow experiments. 

0 24 48 72 96
0

20

40

60

80

100

U
P

L
C

 p
ea

k 
ar

ea
 (

%
)

Time (hours)

 1a  1a3  1a4  1a6

 

Figure 4.4. Control experiment on the sustainment of 1a6 in flow conditions shows the hexamer is able to maintain 
its own population over the flow regime. 

 

To check whether 1a6 was still present in the libraries, at day 4 we analyzed them with a UPLC 

method (see Experimental Section) that applies a much slower gradient of water and 

acetonitrile and can therefore separate properly 1a6 and 2, although the separation of the 

mixed species, 23 and 24 was not achieved. We then compared the chromatograms with a 1a6 

reference, and found that 1a6 had not been able to sustain itself (Figure 4.5a); instead we 

observed an accumulation of the monomers of both 1a and 2, the formation of 23, 24 and mixed 

trimeric and tetrameric species (an example of the composition of the libraries is provided in 

Figure 4.5b). 
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Figure 4.5. (a) UPLC traces of building block 1a (circa 7.1 minutes) and 2 (circa 9 minutes) at day 4 under 
continuous flow conditions compared to the UPLC trace of replicator 1a6 (circa 9.5 minutes); (b) UPLC trace of a 
library at day 4 under continuous flow conditions where the inflow material is composed of 70% of building block 2. 
With the UPLC method used to obtain this chromatogram, we were not able to detect separately 1a6 and 2. 

 

4.3. Conclusions 

We made our first attempt towards the increase in complexity of our replicating system, as a 

first step towards building a platform to observe diversification in out-of-equilibrium 

conditions and ultimately Darwinian evolution of fully synthetic replicators. First, we 

identified the conditions for which emergence of 1a6 did not take place on the timescale of the 

experiment. This represents a crucial requirement in order to avoid any competitive reaction 

when aiming to achieve Darwinian evolution. Emergence inhibition of 1a6 appeared to be 

successfully achieved when libraries were composed of more than 20% of a second building 

block which, by itself, forms non-replicating macrocycles. However, the libraries should be 

monitored for a longer timeframe, since the emergence of the replicator might be slower in the 

presence of the second building block, but still potentially possible. The libraries should be 

kept in a glovebox, with a fixed and constant amount of free thiol in order to keep them 

dynamic and monitor their composition for several months. Seeding experiments performed in 

conditions where emergence does not appear to take place have shown replication can still 

occur. 

Subjecting the replicator to continuous-flow conditions with different amounts of 2 and 1a did 

not result in sustaining 1a6 over time. Method optimization is required in order to provide 

reliable kinetics of the libraries. Furthermore, experimental conditions have to be fine-tuned in 

order to allow the replicator to maintain its population over the flow regime. Once this last 



 

 

73 Sustaining Replicators under Conditions that Disfavor their Emergence 

requirement has been addressed, it will be possible to start addressing long-lasting questions 

related to the complexification of synthetic non-living replicators that may eventually result in 

the emergence of protocells. 
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4.5. Experimental Section 

4.5.1. Materials 

See Chapter 2. 

4.5.2. General Methods 

Peptide synthesis 

Peptides 1a6 [synthesized by Cambridge Peptides Ltd (Birmingham, UK) from 3,5-

bis(tritylthio)benzoic acid] and building block 25 were prepared and characterized via 

previously reported procedures. All peptides showed purity higher than 85%. Impurities were 

mostly due to oxidation of thiols to disulfides (i.e. dimer, trimer). 

Library preparation and sampling 

Libraries containing mixtures of building blocks 1a and 2 were prepared from mother solutions 

of 4.0 mM. Those were appropriately diluted to a concentration of 2.0 mM in borate buffer (50 

mM, pH 8.2) to give libraries containing 2 in 5.0, 10, 20 and 30 mol%. Where necessary, the pH 

of the solution was adjusted by the addition of 2.0 M KOH solution such that the final pH was 

8.2. 

Libraries subjected to flow conditions were prepared by dilution of 3.8 mM libraries containing 

hexameric replicator of 1a and 4.0 mM libraries of building block 2. The libraries were diluted 

with borate buffer (50 mM, pH 8.2) in order to achieve a final concentration of 0.76 mM and a 

composition of 0, 20, 50, 70 and 90% of 2. 
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The volume of each library was 500 µL. Each solution was allowed to equilibrate in an HPLC 

vial (12 x 32 mm) with a Teflon-lined snap cap. All the samples contained a cylindrical micro-

stirrer bar (2 x 5 mm, Teflon-coated, purchased from VWR) and were stirred at 600 rpm (flow 

experiments) or 1200 rpm (without flow) using an IKA RCT basic hotplate stirrer. All the 

experiments were performed at ambient temperature. A small aliquot of each sample was 

removed to another vial and diluted 20 times with double distilled water prior to UPLC or LC-

MS analysis. 

Preparation of the inflow material 

Dynamic combinatorial libraries were prepared under an inert atmosphere (glovebox, water 

allowed) by diluting a 4.0 mM solution of building block 1a [prepared with 50 mM pH 8.2 

sodium borate buffer and oxidized to 50% in one hour with sodium perborate (40 mM)] 

together with the dilution of a 4.0 mM solution of building block 2 in variable percentages (0, 

20, 50 70 and 90%), to reach a final concentration of 0.76 mM. The composition of the libraries 

was analysed with UPLC. Each solution was then transferred to gas-tight Hamilton syringes 

while still in the glovebox. The syringes were then placed on the syringe pump (Chemyx 

Fusion 200) and promptly used. 

UPLC and LC-MS analyses 

UPLC analyses were performed on a Waters Acquity H-class equipped with diode array UV/Vis 

detector. LC-MS analyses were performed on a Xevo G2 UPLC/TOF with ESI ionization, 

manufactured by Waters. All analyses were performed at 35 °C using a reversed-phase UPLC 

column (Phenomenex Aeris Peptide, 2.1 x 150 mm; 1.7 µm). UV absorbance was monitored at 

254 nm. Positive-ion mass spectra were acquired using electro-spray ionization. Injection 

volume: 5 µL of freshly aliquoted sample; column temperature: 35 °C; flow rate: 0.3 mL/min. 

UPLC methods 

Solutions containing peptide 1a mixed with building block 2 and their oxidation products were 

analyzed using the following method (linear gradient): 

Solvent A: ULC/MS grade water purchased from Biosolve (0.1% trifluoroacetic acid added) 

Solvent B: ULC/MS grade acetonitrile purchased from Biosolve (0.1% trifluoroacetic acid 

added) 
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Method for the identification of all the 

species 

Method for the separation of 1a6 and 2 

 

Time (min) A% B% 

0 90 10 

1 90 10 

1.3 75 25 

3 72 28 

16 55 45 

20 40 60 

20.30 5 95 

24 5 95 

24.30 90 10 

27 90 10 

 

Time (min) A% B% 

0 90 10 

1 90 10 

1.3 75 25 

3 72 28 

11 60 40 

11.5 5 95 

12 5 95 

12.5 90 10 

17 90 10 

   

 

 

LC-MS analysis of 1a-2 mixtures 

 

 

Figure 4.6. Mass spectrum of cyclic trimer 1a-22 from the LC-MS analysis of a stirred library made from peptide 1a 

and 2. Calculated isotopic profile (species, abundance): 1125.42 (M, 100%), 1126.42 (M+1, 54.1%), 1127.42 (M+2, 27.1%); 

m/z calculated: 1126.42 (M+1H)
+
; m/z observed: 1126.7 (M+1H)

+
. 
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Figure 4.7. Mass spectrum of cyclic trimer 1a2-2 from the LC-MS analysis of a stirred library made from peptide 1a 

and 2. Calculated isotopic profile (species, abundance): 1699.17 (M, 100%), 1700.17 (M+1, 85.4%), 1701.17 (M+2, 36%); 

m/z calculated: 850.59 (M+2H)
2+

; m/z observed: 850.64 (M+2H)
2+

. 

 

 

Figure 4.8. Mass spectrum of cyclic tetramer 1a2-22 from the LC-MS analysis of a stirred library made from peptide 

1a and 2. Calculated isotopic profile (species, abundance): 1883.32 (M, 100%), 1884.32 (M+1, 93%), 1885.32 (M+2, 

42.8%); m/z calculated: 943.16 [(M+1)+2H)]
2+

; m/z observed: 943.17 [(M+1)+2H]
2+

. 
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Figure 4.9. Mass spectrum of cyclic tetramer 1a3-2 from the LC-MS analysis of a stirred library made from peptide 1a 

and 2. Calculated isotopic profile (species, abundance): 2457.97 (M+1, 100%), 2456.97 (M, 80.4%), 2459.97 (M+3, 

36.2%); m/z calculated: 1230.49 [(M+2)+2H)]
2+

; m/z observed: 1230.48 [(M+2)+2H]
2+

. 

 

 

 

Figure 4.10. Mass spectrum of cyclic pentamer  1a3-22 from the LC-MS analysis of a stirred library made from 

peptide 1a and 2. Calculated isotopic profile (species, abundance): 2642.02 (M+1, 100%), 2641.02 (M, 75.8%), 2644.02 

(M+3, 45.2%); m/z calculated: 1322.01 [(M+1)+2H]
2+

; m/z observed: 1321.99[(M+1)+2H]
2+

. 
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Figure 4.11. Mass spectrum of cyclic hexamer  1a5-2 from the LC-MS analysis of a stirred library made from peptide 

1a and 2. Calculated isotopic profile (species, abundance): 3974.09 (M+2, 100%), 3973.09 (M+1, 99.4%), 3976.09 

(M+4, 54.2%), 3975.09 (M+3, 53.9%), 3972.09 (M, 49.2%); m/z calculated: 1326.03 [(M+3)+3H]
3+

; m/z observed: 

1326.07 [(M+3)+3H]
3+

. 
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