Revision Outline: Molecular Computation
Self-Replication 

· What is a unit of evolution?   

· Multiplication, Variation, Heredity. Natural selection is an algorithm that can explain adaptation.  

· A Classification of self-replicators

· Modular Replicators, e.g. 

· Template replication 

· Jarle Breivik, 2001. What did he do? Magnetic model of cyclic template replication
· Product inhibition results in parabolic growth, How? Duplex un-dissociated, survival of everybody rather than survival of fittest.  

· Limited vs unlimited heredity. What is the difference? No. of possible messages > No. of actual instances in any given system. 
· The curse of side-reactions. What is it? Elongation vs. Replication 
· The origin of long non-enzymatic template replication is a mystery. Discuss why? E.g. no ribozyme without long templates, no templates without ribozyme. See Fernando, Kiedrowski, Szathmary, 2007.  
· Ensemble (attractor-based) replicators. What are they? All system components necessary for replication of the set. Remove one component and the set cannot reproduce.   

· GARD model & composomes (Doran Lancet)

· How do they work? 

· Reflexively autocatalytic protein sets (Stuart Kauffman)

· How do they work? 

· Holistic (processive) Replicators. What are they? Replicator processes through different states. Seed system with just one state and the system can be ‘ignited’.  
· An Explosion. Oxygen free radical chain reaction 

· Formose cycle (Ganti) What is this and how is it holistic? An autocatalytic cycle that occurs without enzymes. Grows exponentially. Subject to tapping side reactions. 
· Lipid membrane replicator (Ganti, Szostak, Luisi)

· How do they work?  
· Prions. Are they really holistic replicators? 
· What are the different theories for their replication and what must the theories explain? Prusiner’s autocatalytic model (1998), Eigen’s model (1996), Cohen’s heterodimer model (1994), Lansbury’s Plaque /Nucleated Polymerization model (1995). Small infective dose, long incubation period, strains, relation to neurofibrils. 
· How can the same strain have different infectivity? 
· Self-replication in Formal Systems, e.g. 

· Von Neumann’s self-replicating machine. Is this evolvable? No Why? Think about it.  
· Langton’s loops. Is this evolvable? 
· Sayama’s evoloops. Is this really evolvable? 
· Lipson’s molecube. How is this conceptually different from the following paper. 
· Roger and Lional Penrose’s replicating wooden tiles, Nature. 

· Tierra and Avida 

· How do these work and what have we learned by using them? 
· How do artificial and natural self-replicators differ? Evolvability, robustness, geometric constraints, fluid automata vs. solid automata. 
Computational Primitives in Cell Signalling and Gene Transcription Networks

· Outline the organization of cell signalling networks and gene transcription networks. See Alberts. Receptors on surface modify cytoplasmic proteins (CSNs) that move to nucleus and alter gene transcription networks (GTNs). 
· Primitive Components in Cellular Computations. 
· Calculate the equilibrium concentrations of a receptor-ligand interaction. A+B (( C
· Describe how enzymes work in terms of stabilizing an intermediate state. Stabilize one of many possible intermediate states, i.e. decreases transition energy compared to spontaneous reaction.  
· Derive the Michaelis-Menten equation for a simple enzyme substrate reaction. Assume rapid Enzyme-Substrate formation, see Uri Alon’s book, or Alberts or Lecture.   
· Discuss the difference between competitive and non-competitive inhibition. Change to Vmax, or Ehalf or both.   
· Discuss how cooperativity and allostery can explain the Sigmoidal Shape produced by the Hill Equation, giving an example. Binding substrate 1 increases chances of substrate 2 binding. 
· Describe the components of a phosphorylation cycle. (Kinase/Phosphatase loop). See papers by H. Sauro. The equilibrium of non-phosphorylated to phosphorylated can be shifted by altering the concentration of kinase or phophatase. 
· Describe how gene transcription works in sufficient detail to understand their operation in circuits made of gene regulatory networks. How can it be modelled? Gene production occurs when RNAP is bound. RNAP is stabilized by TFs. RNAP and TFs bind according to the Hill equation to the DNA. mRNA is produced (transcribed) at a rate proportional to the DNA-RNAP complex concentration. Protein is produced (translated) at a rate proportional to the concentration of mRNA. Proteins may be TFs. Thus, a dynamic transcription network is formed. See Uri Alon’s book, and papers on this topic, e.g. http://www.fasebj.org/cgi/reprint/15/3/846 and especially below… See lecture notes. You should simulate some gene transcription circuits yourself.    
· Examples of Computations that are carried out with these components. 
· How does a Bi-stable negative feedback loop act as a switch? (Ferrell, 2002). 

· Can you write the ODEs for a gene transcription bistable switch? (See mathematica models). What properties are needed for bistability? Strong cooperativity.  

· Why do Kinase/Phosphatase cascades have many steps? Ultra-sensitivity. Feedback, many sites of regulation. 

· Describe how the repressilator works as an oscillator (Elowitz and Leibler, Nature, 2000). Cyclic negative feedback.  
· Describe how gene transcription networks can act as logic gates to implement AND, OR NAND and other logic functions. TF interations at the promotor.  See 

· http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=pubmed&list_uids=12702751&dopt=Abstract
· Discuss how artificial evolution has been used to evolve designs for cellular computations. Evolving topologies and weights in simulated CSNs and GTNs. (Bray and Lay, 1994). (Francois and Hakim, see here. http://contraintes.inria.fr/~fages/VICANNE/Hakim.pdf 

Chemotaxis
· What is chemotaxis? Describe at least three different ways of achieving it? Why can’t bacteria use spatial gradient methods to do chemotaxis? They are too small. 
· What is perfect adaptation in bacterial chemotaxis and why is it useful? Runs and tumbles. Adaptation of tumbling frequency. Tumbling frequency sensitive to changes in food concentration not to the absolute value.  
· Describe the circuit for achieving perfect adaptation in chemotaxis using a diagram to show the Tar receptor (methylated and unmethylated), CheA and  CheB, and the effect of adding a square wave of stimulant. Describe the integral feedback controller, and show how it works. Slow and fast processes. Fast processes influence binding of motor, slow processes change the number of receptors sensitive to chemoattractant. 
· Discuss which properties of the circuit are ‘fine tuned’ or ‘robust’ to changes in protein concentration. See Uri Alon’s Nature papers on this. He added noise to each step, and found that perfect adaptation was the only characteristic that was robust to all these things. Other properties were not robust. 
· What outstanding problems remain in understanding bacterial chemotaxis? Sensitivity vs. Gain. 
Other Applications of Molecular Computing
· Describe how computer models of cells and gene expression has influenced our study of embryological development, French flag model. Reaction-Diffusion Patterns, Emergent morphology due to interactions between the GRNs of populations of cells. 

· Describe how agent based models can address self-assembly processes. See lecture. 

· Describe the Liquid State Machine and discuss whether you think it is plausible that intra-cellular networks could implement such a machine. Fading memory analog filter, see http://www.lsm.tugraz.at/learning/framework.html   

