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Extended Abstract 

Living cells are in many respects the ultimate nanoscale chemical system. Within a very small volume they can produce highly 
specific and useful products by extracting resources and free energy from the environment. They are self-assembled, self-organized, 
highly energy efficient as well as capable of self-repair and self-replication.  

Designing artificial chemical systems bottom up (artificial cells or protocells) endowed with these powerful capabilities is being 
intensively investigated by several teams, see Rasmussen et al., 2009. Usually such chemical systems are based on a set of 
information and metabolic components encapsulated or co-located within the boundaries of self-assembled amphiphile structures 
(container). The protocell function is then supported by a continuous supply of substrates with high-energy bonds, e.g., NTPs, 
which will provide the energy needed to power the protocell metabolism. Thus, these systems lack the functionality of truly 
autonomous living systems because they do not convert primary energy, e.g., light or (geo)chemical energy, into new bonds, and by 
extension cannot create their building blocks from simple precursors, unless modern biological machinery is encapsulated in 
liposomes (Steinberg-Yfrach et al., 1998). 

Integrating energy conversion into a protocell function is not easily achieved, as the building blocks of protocellular systems are 
relatively complex from a chemical point of view. Using both simulations and wet chemistry, we have therefore attempted to realize 
this proposition by following two approaches: by creating simple, chemical systems (a) in which light energy is used to prepare 
protocell building blocks from relatively simple precursors and (b) which contain simple pigments that can harvest light and induce 
the formation of chemical gradients across amphiphile membranes, a first step towards self-sufficiency. 

The first system (Fig. 1a) is based on the absorption of light by a photosensitive ruthenium complex that under the mediation of 
information molecules can transform amphiphile precursors into amphiphiles (Declue et al., 2009; Maurer et al., 2011) or induce 
ligation of nucleic acid oligomers (Cape et al., 2012).  

Figure 1: Light-harvesting systems and their supported reactions. A) A metal complex (ruthenium trisbipyridine) absorbs light and 
(A/I) initiates the replication of the protocell information and (A/II) converts precursor molecules into amphiphiles. B) PAHs (red) 
inserted in the membranes are excited by light, transfer an electron per molecule to the encapsulated Fe III complex which is 
reduced in the process. The PAHs (orange) are regenerated by an external electron donor (EDTA). The reaction results in the net 
inward flow of electrons and an electron gradient is created. 



Figure 2: A) Photochemical production of amphiphiles. Blue diamond: concentration of free photocleavable group; Orange 
square: concentration of amphiphile precursor. B) Reduction of Fe III upon irradiation of the PAH. The arrow indicates the 
decrease of the Fe III specific absorption bands used to monitor reaction progresses. Insert: Wavelegth difference kinetics (420 nm 
minus 490 nm) of the reduction process. C) Micrograph of a fatty acid based protocellular population stained with Nile red. 

In the latter case, we have designed fatty-acid/polycyclic aromatic hydrocarbon bilayer vesicles (Fig. 1b) that upon exposure to light 
are shuttling electrons from the external medium into the vesicular lumen (Cape et al., 2011). 

Both systems are implemented and functional as protocellular energy harvesters as can be seen in Fig. 2. In the ruthenium reaction, 
upon the removal of a photocleavable group fatty acid amphiphiles are produced and ligation reactions have been performed in bulk 
aqueous medium. The PAH supported electron transport across membranes was efficient. 

We have previously reported theoretical and computational studies of free energy driven protocellular processes as well as full 
protocell life-cycles (Fellermann et al., 2007, Rouchelau et al., 2007, Munteanu et al., 2007, Knutson et al., 2008). In our current 
study, we focus on the interplay between the nonequilibrium metabolic driving and the equilibrium self-assembly processes and, in 
particular, the constraints these processes define for protocellular life-cycles and evolution. For example, we find that under a broad 
set of conditions, self-assembly processes necessary for the integrity of the protocellular container, equilibrate the selective 
advantage of a more efficient metabolic process in protocellular populations. 

We report on our experimental and theoretical progress in understanding the intricacies of our protocellular model system’s 
energetics. 

References 

Cape, J., Monnard, P.-A., and Boncella, J. M. (2011) Prebiotically relevant mixed fatty acid vesicles support anionic solute encapsulation and 

photochemically catalyzed trans-membrane charge transport. Chemical Sciences, 2:661-667. 

Cape, J. L., Edson, J. B., Spencer, L. P., DeClue, M. S., Ziock, H.-J., Maurer, S. E., et al. Phototriggered DNA ligation using visible light in a tandem 5´-

amine deprotection / 3´-phosphorimidazolide coupling reaction. Bioconjug Chem, Submitted 2012. 

Declue, M. S., Monnard, P.-A., Bailey, J. A., Maurer, S. E., Collis, G. E., Ziock, H.-J., et al. (2009) Nucleobase Mediated, Photocatalytic Vesicle Formation 

from an Ester Precursor. J. Am. Chem. Soc, 131:931-933. 

Fellermann, H., Rasmussen, S., Ziock, H. & Solé, R. V. (2007) Life-cycle of a Minimal Protocell: a Dissipative Particle Dynamics (DPD) study. Artificial 

Life, 13(4):319-345. 

Knutson, C., Benko, G. ,Rocheleau, T., Mouffouk, F., Maselko, J., Chen, L., Shreve, A.P. & Rasmussen, S. (2008) Metabolic Photo-fragmentation Kinetics 

for a Minimal Protocell: Rate-limiting Factors, Efficiency and Implications for Evolution. Artificial Life, 14(2):189-201 

Maurer, S. E., DeClue, M. S., Albertsen, A. N., Dörr, M., Kuiper, D. S., Ziock, H., et al. (2011) Interactions between catalysts and amphiphile structures 

and their implications for a protocell model. ChemPhysChem, 12:828-835. 

Munteanu, A., Attolini, C., Rasmussen, S., Ziock, H. & Solé, R.V., Generic. (2007) Darwinian Selection in Catalytic Protocell Assemblies, Philosophical 

Transactions of the Royal Society of London. Biological Sciences; 362(1489):1847-1856. 

Rasmussen S., Bedau M., Chen L., Krakauer D., Packard N. and Stadler P. (2009) Protocells. MIT Press, Cambridge, MA. 

Rouchelau, T.; Rasmussen, S.; Nielsen, P.; Jacobi, M. & Ziock, H. (2007). Emergence of Protocellular Growth Laws. Philosophical Transactions of the 

Royal Society of London. Biological Sciences; 362(1486):1841-1845. 

Steinberg-Yfrach, G.; Rigaud, J-L.; Durantini, E. N.; Moore, A. L.; Gust, D; & Moore, T. A. (1998). Light-driven production of ATP catalysed by F0F1-ATP 
synthase in an artificial photosynthetic membrane. Nature, 392:479-482. 


