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Extended Abstract 
The construction of a self-reproducing chemical system possessing simplified capabilities of a living cell is a major scientific 
challenge and a milestone for Artificial Life research. Minimal living physicochemical systems should encompass 
“information”, “energy transformation” and “co-localization” in a mutually interdependent manner. A fundamental design 
strategy to achieve such minimal living system was outlined in Rasmussen et al. (2003, 2004), and to reach that goal we have 
defined a chemical dependency between each of the three component subsystems. The replication of the information 
molecules must depend on the formation of the container, while the formation of the container must depend on the work of the 
metabolism, likewise, the work of the metabolism must depend on the replication of the information molecules. This work 
focuses of the information replication processes, where we have recently developed a template-directed synthesis of 
oligonucleotides by non-enzymatic ligation (Cape et al., 2012), which is connected to the growth of the container by the action 
of a Ruthenium catalyst (Fig. 1). In earlier studies we have demonstrated how the presence of a particular nucleobase (8-
oxoguanine) - out of a possible combinatorial set - controls the growth metabolism (DeClue et al., 2009 & Maurer et al., 2011). 
 

Figure 1. (a) Schematic of non-enzymatic strand replication mechanism (information) coupled with amphiphile production (container) via 
the light driven Ruthenium catalysis (metabolism). The nucleic-acid cross replication evolving from the double stranded template (1) 
proceeds by dehybridization (1-2), hybridization of oligomer building blocks, (2-3), light-triggered deprotection of the 5’-amino group (3-4) 
and ligation (4-1). The electron donor is either 8-oxoguanine or ascorbic acid. (b)  Micrograph of vesicles formed during simultaneous light-
driven conversion of the amphiphile precursor and ligation of DNA oligomers, both catalyzed by the Ruthenium complex. 
 

As illustrated on Figure 1a, our starting point is the double-stranded template that guide the hybridization of shorter 
oligonucleotides (1-3), one having an activated 3'-phosphate and one having the protected 5’-amino group (Edson et al. 2011).  
Only after the light-triggered deprotection catalyzed by the Ruthenium complex under the action of an electron donor (8-
oxoguanine or ascorbic acid) (3-4) the ligation of the shorter oligonucleotides can occur. Thus,  the double-stranded DNA 



product (1) is formed, closing the reaction cycle (see Figure 1). The proof of principle was shown by a light-triggered 
deprotection and subsequent ligation of a 13-mer 5'-amino-oligomer in the presence of a self-primering hairpin (55 nt) with a 
3'-imidazoylphosphate, monitored by High-Pressure Liquid Chromatography (HPLC) (Cape et al., 2012). At the same time, 
Ruthenium also catalyzes a similar reaction that converts an amphiphile precursor into new surfactant, which drives container 
growth. Both reactions were performed concurrently within one protocell population, demonstrating that a single metabolic 
step can produce container building blocks and novel copies of the information molecules. Figure 1b shows a micrograph of 
the reaction mixture after 3h irradiation with light (400 nm, 20nm band monochromator). During the reaction, Dynamic Light 
Scattering (DLS) measurements confirmed the formation of more vesicular structures. 
 
Good nucleic acid yields for non-enzymatic replication are difficult to obtain and product inhibition is known to be one of the 
main causes of this problem. We therefore conduct theoretical and simulation studies of possible replication strategies to 
optimize the replication rate. One strategy is to cycle the temperature around the Tm (melting) of the template-product 
complex with an excess of the shorter oligomers. Figure 2a shows a simulations of non-enzymatic template based replication 
reactions using a novel 3D Langevin dynamic bonding framework (Svaneborg, 2012), where we can study sequence specific 
melting and renaturing transitions as well as template based ligation reactions. In particular, we apply these techniques to 
study the effects of base-pair binding strength, strand length, bulk vs. surface bound templates and different temperatures as 
well as temperature cycles. Earlier studies (Fellermann & Rasmussen, 2011) for varied temperatures and strand lengths (Fig. 
2b) indicated a clear replication advantage for longer strands at lower temperatures in the regime where the ligation rate is rate 
limiting. In addition, these results indicate the existence of an optimal replication rate at the boundary between the two 
regimes where the ligation rate and the dehybridization rates are rate limiting (long strands and low temperatures). The 
efficiency of these replication schemes is currently being tested experimentally.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) The time evolution of molecular species in a system comprising two complementary templates and four oligomers. Periodically 
the temperature is raised to melt hybridized templates and oligomers. Progressively the oligomers are consumed to produce new templates. 
(b) Resulting replication rate k as a function of template length and temperature (without temperature cycling) under the assumption that 
ligation is rate limiting (slowest reaction).  Note that k increases with template length and lower temperatures.  
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