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Recommended Reading List and Supplementary Material 

The written exam will require you to have read at least a few of these papers on a topic that you found interesting. In particular you should concentrate on understanding the different kinds of replicators, i.e. their different mechanisms and their capacity (if any) for evolution. If anyone would like to discuss these papers in greater detail, I will be available in the Systems Biology Centre, Hayworth Building (up the ramp and the front, press the buzzer) usually after the lectures, or email me at 

c.t.fernando@cs.bham.ac.uk 

Definition of Self Replicating Systems

Adams B., Lipson H., (2003) “A universal framework for self-replication”, European Conference on Artificial Life, ECAL’03, September 2003, Dortmund Germany, Lecture Notes in Computer Science Vol 2801, pp. 1-9 at http://ccsl.mae.cornell.edu/research/selfrep/ 

[Gives a formal definition of self-replication. If you like formal definitions using the mathematics of set theory then this may be pleasing to you. Their notion is however an extremely intuitive and experimental notion already in use by chemists, for example in identifying whether molecules are replicating, and I don’t see this as being anything more than a straightforward concept really.] 

Slide 2. 

Moshe Sipper’s artificial self-replication page at http://www.cs.bgu.ac.il/~sipper/selfrep/ 

[Moshe gives a review of many papers in artificial self-replication, mainly cellular automata self-replicators. He has written a lot on different cellular automata replicators, see the Scientific American and Artificial Life articles referred to on that page for some easy to read reviews.]

Units of Evolution

Evolution is an algorithmic process. This was discussed by John Maynard-Smith. Read his book “Evolutionary Genetics” and if you can find it J. Maynard Smith’s (1987) How to model evolution. In; The Latest on the Best. Essays on Evolution and Optimality (Dupre, E. ed). Pp 119-131. Cambridge MA, MIT Press. Also for a general introduction to evolution read Dan Dennett’s book “Darwin’s Dangerous Idea”. Natural selection is capable of producing adaptations and can arise whenever there exist units of evolution, as defined in the slide from the lecture. It does not require life or genes, in fact these are the results of natural selection acting prior to life and genes.    
Self-Reproducing Tiles

L. S. Penrose & R. Penrose. A Self-reproducing Analogue. Nature 4571:1183 (June 8, 1957).  Download pdf here… http://vx.netlux.org/lib/mlp00.html 

[This is a seminal paper showing the first artificial physical stochastic self-replicating system capable of limited heredity, i.e. the transmission of two states, either AB or BA. I recommend Penrose’s books. Lionel was his father, also a mathematician who made many other self-replicating tile systems. In some ways these tile replicators resemble prion replication. You will see this later. They are dimer conformational seeds that induce conformational changes in other units.] 

Plastic Magnetic Self-Replicating Templates

Breivik, J. Self-Organization of Template-Replicating Polymers and the Spontaneous Rise of Genetic Information. (2001). Entropy, 3, 273-279. Download pdf here. http://www.cs.bham.ac.uk/~ctf/Thesis/Chapter1/Chapter1Figs/breivik2001.pdf 

[Jarle is a cancer researcher from Norway, but made this amazing device in his spare time. He also does models of the evolution of cancer. This is a physical model of template replication, which is meant in some ways to be like nucleic acid template replication. Think how it is different. Could Jarle’s mechanism work for longer templates and if not why not? Do real nucleic acid template replicators have similar problems in the absence of enzymes? Is his system capable of unlimited heredity? He thinks it could easily scale up, but I’m not so sure at all. Can you understand our disagreement after reading the section on product inhibition?] 

Nucleic Acid Properties

[A simple and well written book is “Molecular Biology of the Cell” by Bruce Alberts. Many copies exist in the library. I highly recommend you borrow a copy for this course and familiarize yourself with the basics of molecular biology. Another excellent book if you can get it is Tibor Ganti’s “The Principles of Life”. Oxford University Press. He was a Hungarian genius working on models of the simplest cells. He wrote very beautifully and clearly. Ganti’s book is a book you should read to make yourself a well-rounded human being and understand the power of reasoning.]

Non-Enzymatic Template Replication

See Von Kiedrowski, G. Angew. Chem Int. Ed. Engl. (1986), 25, 932. [1st biomimetic self-replicating 6-mer] and the following paper for a discussion of parabolic and exponential replicators. Von Kiedrowski, G. Minimal Replicator Theory I: Parabolic Verses Exponential Growth. (1993) Bioorganic Chemistry Frontiers 3, 114-146  at

http://www.informatics.sussex.ac.uk/users/ctf20/dphil_2005/Thesis/Chapter1/background.htm  

You should understand conceptually how the non-enzymatic replicator works, even if the chemical details are not clear to you. This is still the best example of a hand designed template replicators in chemistry. No-one has managed to make a longer one yet. This is an important problem in the origin of life. 

Product Inhibition and Sub-Exponential Growth

Here I discuss parabolic vs. exponential replicators using some mathematics. For further details see… 

1. Eors Szathmary and John Maynard-Smith. From Replicators to Reproducers] the First Major Transitions Leading to Life. J. Theor. Biol. 1997. 187: 555-571.
2. Eors Ezathmary. Simple growth laws and selection consequences. Trends in Ecology & Evolution. Vol. 6, no. 11, pp. 366-370. 1991.
Whether replicators show parabolic growth due to product inhibition or exponential growth is shown in the next few slides to affect how natural selection works. Parabolic growth results in survival of everybody rather than survival of the fittest (found in exponential growth). Do you have an intuition for this? It is because parabolic growth results from frequency dependent self-limitation by the replicators of itself, at high concentration. It is self-limiting.  

Limited vs. Unlimited Heredity,  Modular Replicators and Ensemble Attractor Based Replicators

Please refer to the paper “The Evolution of Replicators” by Eors Szathmary. Phil Trans. R. Soc. London B. (2000) : 1669-1678 for an excellent discussion and partial classification of replicators. 

The Problem of Side-Reactions

We have just written a paper on this simulation but it is yet to be published, and you can get it by emailing me. We have used a stochastic computer model based on a cellular automaton to simulate nucleic acid template replication. The approach is really quite new and exciting. 

Lipid Replicators 

See our paper… 

Szathmary, E, Santos, M, Fernando, C. (2005) Evolutionary Potential and Requirements for Minimal Protocells. Topics in Current Chemistry (2005). 23rd August. DOI 10.1007/tcc001 Springr-Verlag Berlin Heidelberg. Download pdf.
at…

http://www.informatics.sussex.ac.uk/users/ctf20/dphil_2005/publications.htm 

and look at the Lipid World site for further details, e.g. Doran Lancet’s talk here…

http://online.kitp.ucsb.edu/online/evonet07/
or the papers here…

http://ool.weizmann.ac.il/Segre_Lipid_World.pdf
http://www.pnas.org/cgi/content/full/97/8/4112 

[Do you think the Lipid world can work? Can it evolve? Does it have limited or unlimited heredity?]
Reflexive Autocatalysis in Protein Networks

For a description of Kauffman’s computer model of the spontaneous formation of autocatalytic sets see… Farmer, J.D. Kauffman S.A. Packard, N.H. Autocatalytic Replication of Polymers. (1996) Physica 22D, 50-67. At 

http://www.informatics.sussex.ac.uk/users/ctf20/dphil_2005/Thesis/Chapter1/background.htm 

Password and Username for papers from my website is: “papers”. 

But also find… Kauffman’s original paper…Kauffman, "Autocatalytic sets of proteins", J.Theor.Biol., 119, 1-24, 1986 and his description in the book Kauffman, "Origin of Order", Oxford University Press, 1998. Another version of the model appears here… R.J.Bagley and J.D.Farmer, "Spontaneous emergence of a metabolism", in Artificial Life II, SFI studies in the science of complexity, ed. by C.G.Langton et al., Addison-Wesley, 1991

Prions

My notes on prions can be found at the url below. I suggest you take a look at them, and at some more recent papers on prions. After looking at all the mechanisms I presented, how do you think they actually replicate? Several possible mechanisms were presented, but which seems most convincing in relation to experimental data?  

http://www.cogs.susx.ac.uk/users/ctf20/dphil_2005/Thesis/Chapter1/prions.htm
and 

http://en.wikipedia.org/wiki/Prion 

The normal prion protein PrPc is found in cell membranes and its gene is PRNP. In heritable prion diseases there is a mutation in this gene. Mutations are thought to make PrPc change spontaneously into the PrPSc form. 

The role of prions in memory is potentially interesting… 

Shorter J, Lindquist S (2005). "Prions as adaptive conduits of memory and inheritance". Nat Rev Genet 6 (6): 435-50. Download pdf.
The above paper is particularly highly recommended and you can download it from this page (see references at the bottom of the page)

http://www.cogs.susx.ac.uk/users/ctf20/dphil_2005/Thesis/Chapter1/prions.htm
using the password and username “papers”. The following diagram from the above paper shows the proposed replication mechanism for prions. Such amyloid fibres have actually been observed with electron microscopy. 
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Yeast has the prion Sup35 which may aggregate such that it cannot bind to Sup45 and help the ribozyme to stop making a protein at a premature stop codon, but instead just read through. When the prion is not functioning, translation stops at the premature stop codon. See the diagram below from the above paper… 

[image: image2.wmf]
Using the above experimental system, one can measure the extent of fiber formation by observing the extent of red pigmant protein produced. Prion variants were discovered by Liebman in this manner. These are variants (epigenetic) of the same strain. The variants seem to show limited heredity. Variants formed at low temperatures are more infective in some cases! What type of replicator is a prion? Can prions act as units of evolution? 

Yeast with the Prion forming capacity have greater fitness in many environments. 

Also a more neurophysiological experiment is shown below… 

Maglio L, Perez M, Martins V, Brentani R, Ramirez O (2004). "Hippocampal synaptic plasticity in mice devoid of cellular prion protein". Brain Res Mol Brain Res 131 (1-2): 58-64. PMID 15530652. The mechanism by which prions may mediate LTP from the “Shorter” paper above is shown below. This complements protein phosphorylation, and positive autoregulation at transcription, as a means of achieving a bistable switch. 

[image: image3.wmf]
All proteins have a tendency to amyloid aggregation, but nature has selected for globular proteins where the potential parts that could form aggregates have been hidden on the inside of the folding protein. However, sometimes aggregation can be functional. If amyloid formation is functional, e.g. in clotting, antiangiogenic activity, biofilm formation, then mechanisms would have arisen to control prion aggregation. Molecular chaperone proteins, e.g. Hsp104 have a role in this and are shown to be important in disease spread and infectivity. 
Amyloid diseases such as Alzhaimers. Parkinsons, Huntingtons, etc… are caused by aggregating proteins that are not prions, i.e. they are not infective. Why not infective? 1. The prion may be destroyed by amylase in the gut. 2. The aggregates may not form infective particles by cleavage at a great enough rate to double at cell division.

Mathematical models can be very useful in understanding this, for example…  

Masel, J., Jansen, V. A. & Nowak, M. A. Quantifying the

kinetic parameters of prion replication. Biophys. Chem. 77,

139–152 (1999).
Which is the one of the original models of the nucleating polymerization model of prion replication. It talks about the implausibility of the other two types of model I showed you.  It uses analytical approaches to differential equations and stochastic simulations of Markov chains. However, it misses out interactions between oligomers, which are expected to significantly influence the dynamics of such a system. 
Von Neumann’s Self-Replicator
See here for the original… Von Neumann, John (1966). in A. Burks: The Theory of Self-reproducing Automata. Urbana, IL: Univ. of Illinois Press. 

And the Wikipedia site here with lots of useful links… 

http://en.wikipedia.org/wiki/Von_Neumann_Universal_Constructor
Software implementations exist and are described here… 

http://dragonfly.tam.cornell.edu/~pesavent/pesavento_self_reproducing_machine.pdf
Can you get a feeling for how it works? Why is it so complicated? Is it stable to random noise? 

Langton’s Loops and Sayama’s Evolvable Loops

Note that Langton’s system is based on a part of Von Neumann’s CA replicator. His system is not a universal constructor. 

Sayama’s really interesting extension of Langton’s work is found here. 

http://necsi.org/postdocs/sayama/sdsr/
Animations of these loops and software can also be downloaded at the above site. 

[Please read Sayama’s papers. Can you explain what Sayama has done to make the loops evolvable?] 

Other CA Replicators

Hod Lipson’s team managed to get a Nature paper out of this effectively physical implementation of cellular automata. 

http://ccsl.mae.cornell.edu/research/selfrep/
The most interesting part was the evolver in software for the CA self-replicator rules, see below… Studer G, Lipson H., (2005) "Spontaneous emergence of self-replicating, competing cube species in physical cube automata", GECCO Late Breaking Paper, to appear. also available at the above site. 

