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Origin of life

A c c e p t e d m a n u s c r i p t 2 Old and new theories about the Origin of Life

Theories about the origin of life tend to dwell on one or other of two functions, both widely agreed as being necessary, the replicative function (the "RNA first" model) and the need for stable (or rather, metastable) cycles of chemical activity (the "metabolism first" model). Both models offer possibilities for storage and transmission of information, although in very different ways (the RNA model can be regarded as a 'hardware' model while the metabolic model has more the character of 'software'). Both models presuppose the prior existence of a concentrated feedstock of very complex but structurally diverse chemicals. We have earlier argued that a minimal subset of required chemicals would have to include some lipids, sufficient (in complexity) to be able to form enclosures in the form of primitive "cells" (often referred to as protocells), and peptides that can assemble inside the enveloping membranes of these primitive cells and also exert some of the key functions that will ultimately be required by true living systems. The prebiotic generation of these lipids, peptides and other essential chemicals requires, according to this model 1 : 1) rapid cycles of catalysis and transport of material, 2) segregation (separation by tidal action and degradation by catalysis) as well as desegregation (by drying out followed by chromatography on tidal beaches),

3) cross-catalysis instead of auto-catalysis and 4) compartmentalisation. Before considering the consequences of this model, it is relevant to note here that experiments recently carried out 2 provide valuable support for this model.

Minimal sets of prebiotic chemicals

Cyclical processes whereby the rate of generation of new materials of cumulative complexity matches and ultimately prevails over degradation and erosion clearly underpin the emergence of life. Likewise, compartmentalisation, the protocell, is obviously a sine qua non for life to be sustained at all 1,3 . These considerations led to the notion of "lipid-first" as a model for the first stage of life 1 , but of course, lipids, while being critical for OoL, do not lend themselves to the storage and dissemination of "information" as such (defined in terms of function: recognition, catalytic, replication etc.). This requirement for information-rich molecules led to the establishment of a "transmembrane-peptide-first" model 1 . The classical peptide secondary structures, alphahelices and beta sheets, are very stable in a membrane environment, much more so that in aqueous solution, because in the membrane there is no competition by water for the peptide N-H and C=O groups that are required for stabilising these secondary structures through intramolecular hydrogen bonding. Also, the risk of hydrolysis is eliminated once the peptide is inserted in the lipid environment. Further, membrane peptides can easily be generated from a minimal subset suffice to form a peptide that will span the membrane 4 (~20-25 residues for an alpha helix, or in multiple stretches of ~10 residues, to form a beta barrel). These happen also to be among the least complex residue types (defined below -see also Table 1). Observant readers will note that I and V are not normally common in alpha helices in water-soluble proteins, but this is manifestly not the case for the membrane environment, where they occur very frequently 5 . Features like flexibility and/or kinking can be allowed or forced, respectively 4 , by introduction of the simplest residue type G, and P (which is still relatively simple on the complexity scale (see Table 1)), Further interaction possibilities can result from the insertion of limited number of small dipolar residue types, S, T and N in particular 6 . Charged residues would not be expected to be so easily accommodated, but K can be important at the termini of these peptides due to its ability to interact with lipid head groups 7 . This residue type has, in addition to its charged terminal group, a long aliphatic (lipidcompatible) sidechain and it is also one of the simplest (= oldest) residue types (see Table 1). The all-important issue of peptide-peptide association will be enhanced by the introduction of aromatic (likewise lipid-compatible but with additional functionality) residues F, Y or W, however, these are likely to be later arrivals on the OoL scene in respect of their relative complexity (Table 1). Hence, a minimal set of components for stable TMPs with ability to perform functions necessary for biology can be formed from only 12 of the now ubiquitous 20 residue types*, and they also happen to be the chemically simplest types and thus the most likely to have been synthesised under the prebiotic conditions described earlier 1 .
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The functions necessary for life, molecular crowding and the membrane as cradle for the first information-rich biomolecules.

The "functions necessary for life" include pore-formation 8 (necessary for transport of water, ions and metabolites across the membrane) and signal transduction across membranes (performed by receptors exhibiting a concerted rearrangement of helix-helix contacts inside the membrane 9 ).

Helical peptides will spontaneously form clusters which can both allow pores to form, and, through changes in their arrangement, transmit information across the membrane about events occurring on either side of the membrane. These are two of the perhaps four most important functions necessary for life, the other two, metabolism and replication, are alluded to later in this paper.

Associations between the molecules that participate in biological processes are critical, as witnessed by the dense packing observed universally in cells of today ,10,11 , and this molecular crowding, seemingly entirely ignored by earlier authors in the OoL field, must have been an early development. The emergence of other important features of biomolecular organisation, namely orientation, mutual recognition and self-assembly, which likewise has been ignored so far in the OoL debates, can best be explained in the context of an established membrane environment.

During the earliest stages of OoL there would be no complex proteins with advanced functions, no chaperones (which are themselves complex multimeric proteins and therefore a by definition a "late" development), and definitely no ribosomes (which are composed of highly evolved RNA and proteins in an extremely intricate assembly). But membrane peptides do not need a protein chaperone, the membrane is the chaperone 1,12,13 . Recent genomics studies show that ~30% of all "modern" proteins are membrane proteins. It is highly likely therefore that membrane proteins predate water-soluble globular proteins, given the complexity of the latter (complex folds and the need for more than the minimal subset of residue types) as well as their relative instability. Based on statistical calculations it has been estimated 14 that both protein fold and function space can easily have been explored in the last 4 Gyr adequately for the functions observed today to have emerged. Key to this is the very reasonable assumption of a (to begin with, at least) restricted amino acid alphabet. In this way, the protein folding repertoire has been able to evolve so as to, as it were, by-pass the strictures of the so-called Levinthal paradox. This is just what is proposed here, although these authors have missed the point that the membrane would have acted as the cradle for the development of the first peptides constructed from a restricted alphabet, yet still able to harbour and to accumulate information. While the need for a compartment is an early idea in OoL, the notion that the membrane itself, rather than the contents of the space that it encloses, acts as the cradle for the development and selection of peptides is new and is seen as critical for 

RNA -an arrivisteon the OoL scene

What other chemicals accumulate under the same conditions as these peptides and their simple amino acid precursors? This has been the subject of seminal contributions by earlier researchers 15,16 . and, ultimately, RNA are clearly important, but they must have been a late development on account of their complexity (see Table 1). To begin with, the definitive sugar moiety of ribonucleotides, ribose, already scores very high on the complexity scale (Table 1). But generally, the sugar family of chemicals, are important. They typically play a structural role as in the polysaccharides of cell walls, and, as already mentioned, in the way that ribose acts as the scaffold for the bases in nucleic acids. More complex sugars can play an important role in recognition and structural functions but, whatever their information content may be, it is hard to see they can take part in replication processes in the way that nucleic acids, and, as discussed below, TMPs, can. It is also difficult to see how complex oligosaccharides, many of which are branched, can be assembled in the absence of highly evolved enzyme systems. More relevant to this discussion is that fact that glycerol, derived by reduction from the smallest sugar, glyceraldehyde, plays a vital scaffold role in lipids, which are of course essential. In the precursor to this paper 1 , lipids and phospholipids were considered in detail and a mechanistic explanation was provided as to how the necessary components of lipid bilayer membrane could have arisen. Synthetic processes of this kind have been published 17 . Here it is shown (Table 1) that the complexity of lipid molecules, while in excess of that of most of the minimal set of amino acid types, is still a somewhat less than that of the most complex amino acid residues and considerably less than that of nucleotides.

Objections to RNA as the first information-rich family of molecules have usually rested on the very inconvenient truths that RNA, over and above its complexity as already mentioned, is too water soluble and too susceptible to hydrolysis, so that it does not remain in contact with other chemicals, nor even intact, for very long. It is very hard to counter these criticisms 1,18 . The notion that ice, especially salty sea-ice might stabilise and trap RNA and allow it to form long chains with recognition properties has received some experimental support 19,20 . These authors have alluded to the abundance of sea-ice on Earth, and its ability to concentrate solutes. Although it is not clear how sea-ice can possess catalytic properties as claimed 20 , the very act of concentration causes reactions (especially those which degrade the RNA) to accelerate to very high levels as the last
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6 traces of liquid water are removed. Nevertheless, the consequent dehydration and freezing amounts to little more than a method of cold-storage for these metabolites. Drying out on a beach also results in concentration and acceleration of reactions, but in contrast to the freezing case, other important reactions (oxidation, degradation, but also polymerisation) can continue to proceed even after dehydration. This, compared with freezing, will enormously increase the diversity of the chemical feedstock.

There can be little doubt that for something as complex as life to emerge from prebiotic materials 18 , a series of cyclical processes is required 1,2 that ensures not only further development of the newly created complex molecules, but also degradation steps. The latter is conducive to a vast increase in chemical diversity, due to the combinatoric way in which new chemical entities can be reassembled on an increasingly diverse set of fragments obtained by degradation processes acting at different sites in the original molecules. We have earlier, in this context, alluded to the importance of the effect of tides flowing and ebbing over beaches, which in turn, presuppose the existence of a moon for the planet where this is all happening 1 . It should be recalled that in the prebiotic era, the moon was far closer to the earth than today, gravitational effects were correspondingly much (quadratically) stronger and the diurnal/nocturnal cycle had a frequency of as little as 4 hours. The notion that beaches could act as the setting for the earliest forms of life has been proposed before 21,22 but the critical feature about our beach from the point of view of the development of complex chemicals is the cyclical flow and ebb of tides with cycles of concentration ("segregation", although as previously pointed out 1 , not exactly in the sense originally envisaged 21 ) of the solutes and intermittent periods of drying and catalysis. This process will degrade many of the chemicals that have been formed as well as supporting the creation of new compounds. Finally, the leaching back into solution and remixing ("desegregation") prepares the "soup" for the next round of synthesis of more complex lipids and lipophilic oligopeptides.

Of course, there are other potential sources 23 of prebiotic materials, in particular sub-oceanic hydrothermal vents where volcanic energy and metal catalysts abound. The case for the origin of many of these materials is very convincing 23 , but in the light of the present studies, it is considered unlikely that the more complex materials like RNA would have survived, even if ever formed, under such conditions. Lipid precursors may have been formed, but it is hard to see how they could form vesicles lined by bilayers which can accumulate hydrophobic oligopeptides, for example.

Furthermore, no mechanism for concentrating the materials was proposed, and there was no mention of the issue of chirality (considered below).
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As mentioned above, membrane peptides can spontaneously form pores or channels which can perform important transport functions, and helix bundle structures as in receptors, which exert important communication functions. The primitive versions of these pore and bundle structures would probably not possess elaborate structures on the ends of the TMP chain outside of the membrane but in modern organisms these structures can be extremely large and complex, both extracellularly and intracellularly. These extensions can consist of fully folded water-compatible protein domains, which at a certain moment may become detached and live a separate life as an independent globular protein. In modern organisms, the more complex of these extensions were probably grafted onto TMPs by gene fusion as a late event, but more primitive extensions could easily have arisen by abiotic synthesis and they will have been complex enough to have rudimentary catalytic or recognition functions. Development of the latter would benefit from the appearance of functionally versatile residue types -S, T, and the more complex residues D and H, for example, which can also chelate to metal ions and thus form potent catalytic centres. The already established residue type, C, will if present in extracellular peptide segments, introduce novelties such as redox chemistry and the possibility for reversible cross-linking of the emergent protein structures as well as an enhanced repertoire of chelate chemistry. This is regarded as the earliest manifestations of metabolism, which, together with diffusion through the membrane and even more efficiently, through pores in the membrane, of chemi-osmosis. A note of caution is added here: the spontaneous formation of short oligopeptides in vitro, or under abiotic conditions generally, can be readily accomplished, but it is quite another thing to form a fully-fledged protein possessing a complex 3D fold 24 . This is very unlikely ever to happen in free solution 24 ; it is more likely that it started as a gradual process whereby ever more complex amino acids were grafted onto protruding ends of membrane peptides, as suggested here.

Asymmetry: homochirality and asymmetry across the membrane.

It is not intended here to address in detail the emergence of homochirality. In the previous paper 1 a passing reference was made to one of the prevailing theories, that possible interactions between stable, racemic precursors of the prebiotic chemicals and asymmetric subatomic particles (which can occur on earth as well as in space). A numbers of alternative theories have recently been advanced some of which involve interactions with minerals 25,26 and with the liquid crystalline state as e.g. in a membrane 27 . The latter is particularly relevant to the formation of lipid bilayers and accumulation of optically asymmetric molecules in the membrane. Chirality in these membranes may have emerged early, driven by the reversal of the keto-enol racemisation of sugars. This can not be achieved by crystallisation but can occur in the fluid or liquid crystalline state 27 . The simplest sugar is glyceralhdyde which is not very water soluble but is very likely to have existed in While these charged groups and the fatty acid chains are in general achiral, as indeed is glycerol itself, the synthesis of complete lipid molecules from these starting materials would normally yield a racemate, but it could easily proceed in such a way as to produce a homochiral product under the conditions described for the case of glyceraldehyde. Even the simplest bacteria have membranes with homochiral ester lipids (represented in Table 1 by the (achiral) precursor "C17"), while for the archaea there is a preponderance of ether lipids (built from "C16", listed in Table 1), likewise homochiral, and we surmise that the emergence of chiral lipids was an early, even prebiotic, event.

The resulting chirality in the membrane would enhance the selection of amino acid residues having the same mutual chirality and compatible with the chiral lipid structure.

Further discussion on chirality is outside the intended scope of this paper, but a mention must be made of another type of asymmetry, which is at least as important as homochirality, and which has again been largely ignored in the OoL debates. We refer here to the inherent charge asymmetry across the membrane arising from the fact that 'modern' membranes have headgroups which are polar but electrostatically balanced at the extracellular side while the intracellular headgroups bear a net negative charge28, a feature which is exploited in (again 'modern') membrane proteins for stability and orientation purposes, referred to as the 'positive inside rule'29,30. It is not known how early on this feature emerged, but it appears to be universal, being prevalent throughout the procaryotes29 as well as eucaryotes30.

Chemoinformatics: molecular properties and molecular complexity

For this work, some calculations concerning molecular complexity and lipophilicity have been carried out for a number of putative abiotic/prebiotic compounds and are presented (for amino acids only) along with published values for the relative frequency of occurrence of residue types in families of 'modern' proteins in Table 1. Particular note should be made of the experimental 'hydrophobicity' data 31 , which refer to propensity of the compounds to reside in a membrane environment. As such, this is a true measure of lipophilicity, as opposed to the calculated KlogP, values which relate to partitioning between octanol and water -not quite the same thing 31 .

Indeed, there is not a good correlation between these sets of values, but there may be some minor corruption of the data for the residue types, since these were carried out on the N-acyl, dimethylamide derivatives of the residues in order to avoid even greater artifacts caused by the zwitterionic nature of the underivatised amino acids. It is noteworthy that ribose and the two Molecular complexity is quantified in terms of a Shannon entropy measure 32 which takes into account ring sizes, connectivity and atom type composition in organic molecules. A simpler and more qualitative estimate of molecular complexity can be obtained by considering the number of chiral centres and double bonds, also listed in Table 1.

It is clear from this data that the eleven simplest amino acids are identical to the minimal set of eleven identified above.

It is relevant here to consider how the minimum set is distributed amongst different families of "modern" proteins. Four different sets of human proteins were selected for this study. Firstly, a set of transmembrane helices and a set of shorter helices that do not insert into the membrane but which lie on its cytosolic surface are selected from the G-protein-coupled-receptors (GPCRs), the largest class not only of membrane proteins, but of all proteins in eucaryotes.. Two representatives of water-soluble globular proteins are the G-proteins which associate with GPCRs, and the Nterminal extracellular domains of the Class C GPCRs (chosen because of their large and uniform size). See "Methods" for details.

The value and validity of choosing these particular families is that all have co-evolved under roughly the same sets of evolutionary pressures, which makes them comparable as regards the frequency of occurrence of the different amino acid types. G-proteins have cognate structures elsewhere in both eucaryotes and procaryotes (in connexion with ribosomes, for example, and analogues of the transmembrane helices of the GPCRs turn up in albeit slightly different packing arrangements everywhere in the procaryotic world. In eucaryotes, GPCRs are universal, from slime molds to man. This makes these protein sets much more representative than may appear at first.

Inspection of the rightmost four columns in Table 1 and, more clearly perhaps, the ordering of the preferences as shown in Table 2, suggest the following conclusions:

Residue type L is the most abundant and W is likewise the least common everywhere. This reflects complexity in the case of W and functionality (or perhaps lack of it) in the case of L.

V occurs frequently in the two helical sets but not so much elsewhere. V is normally not frequently I is found frequently in transmembrane helices, but also in G-proteins. However, in the latter the I residues are preferentially confined to beta sheet regions in which steric strain due to the betabranched side chain is more easily relieved (for example: 10 in sheet, 4 in helix, in the complex between bovine G Protein-Coupled Receptor Kinase 2 and heterotrimeric G hrotein beta 1 and gamma 2 subunits (crystal structure with PDB I.d. 1omw )).

Much more telling is the relative abundance of the complex residue types K, E and R in G-protein and the extracellular domain compared to the transmembrane helix.

F is more abundant in the helices than elsewhere. This reflects the need for both hydrophobicity and aromaticity, and while F belongs to the more complex residue types, it is the simplest member of that group. For the transmembrane set, Y just "edges into" upper half of the preference order having been selected for, presumably, functional reasons. It is anyway a simple derivative of F.

Helices of the H8 type resemble in some ways the transmembrane helices, but contain relatively high levels of K and R, these basic residues are a reflection of the positive inside rule mentioned above. One side of the H8 helices does indeed penetrate the membrane somewhat, which explains the requirement for transmembrane helix-like composition (in particular residue types I and V referred to above). This is an interesting set of peptides that might represent a transition from life in the membrane to a more aqueous existence.

By the standards of the Shannon entropy measure employed here, F and Y are more complex than their aliphatic counterparts but they are still much simpler than the nucleotides (and it takes 3 (or, rather, 6) nucleotides to code for each amino acid).

Altogether, the 'simplest' compounds seem to be the most compatible with a lipid environment and this bears out the central premise that lipids were the first types of chemical to accumulate in any organised fashion, while transmembrane peptides were the first information-rich molecules to populate this lipid vesicle world. For the minimal subset of amino acid types, the 12 specified in Another question which bears upon the complexity of the proposed set of prebiotic chemicals is synthetic availability. This can be determined by examining the number of possible retrosynthetic steps back to available chemicals. A priori, one would expect more complex chemicals to have a greater number of possible synthetic routes, since they are made up of a greater number of fragments, which in turn each have their own set of retrosynthetic routes. This operates in a combinatorial manner, and it is clear from the retrosynthesis data in Table 1 (determined using the program Syngen 33 ) that the more complex chemicals do indeed have a greater number of pathways leading to their synthesis. This is not to say, however, that they are thereby more likely to have been produced in a prebiotic scenario. Indeed, the converse is the case: the retrosynthetic pathways are computed based on chemicals that are to be found in the man-made Available Chemical Directory, many of which are in turn complex and hard to synthesize. In contrast, the chemical feedstock for prebiotic synthesis would be the same for all chemicals, a very restricted set of compounds like simple alkanes, alcohols, thiols, cyanides as well as the very important functional group phosphate, which has to be "mined" from the mineral world. Hence, the actual number of synthetic routes for all compounds would, in the prebiotic world, be very much smaller. It is our contention that the more complex chemicals would be much later arrivals on the prebiotic scene precisely because they require more complicated chemical feedstocks for their synthesis and/or require assembly from fragments, which would require many trials and take a long time to evolve. There are some unexpected results in this table, for example the simple pyrimidine uracil can be produced in 1234 ways, while the more complex purine adenine can be made in only 10

ways. The explanation for this would rest on the fact that purines are fused ring systems, much less accessible than single ring systems however one would attempt to go about their synthesis.

Again, it is stressed that this does not affect the prebiotic availability of these compounds, and it is very unlikely that adenine would have appeared before uracil. However, this does not explain the very large number of pathways to the 'rare' amino acid tryptophan. The explanation here must be that the Available Chemicals Directory contains a very large number of suitable indole starting compounds. But it is also a measure of complexity as shown by a comparison with e.g. tyrosine and phenylalanine, with histidine as an intermediate case. Finally, an explanation is in order for the very low number of pathways toward any of the phosphate-group containing compounds (nucleotides, ribose phosphate and glycerol phosphate). Only very few pathways seem possible, suggesting that phosphates are hard to make starting from simple (and prior to life, only inorganic) phosphates. This is in contrast to the large catalytic repertoire of the phosphate moiety once it has Natural selection operating at the chemical level.

In order to establish a convincing theory of OoL, it is necessary to explain the emergence of a replicative function. While RNA serves admirably in the role of being a replicative molecule, its chemical complexity, high solubility and vulnerability to hydrolysis would disqualify it from making an early appearance on the OoL scene. Some primitive form of RNA anchored onto some intracellular structure such as the protruding ends of a TMP may be the key to this puzzle, but it is A simpler measure of complexity based on number of chiral centres and number of double bonds is also listed in Table 1.

hard
Values for hydrophobicity 31 entered in Table 1 were obtained from the cited references.

In preparation for further chemoinformatic studies, molecular structures were constructed in 2D 2) The C-terminal helices that do not embed into the membrane but which lie on its inner surface.

These represent a "transitional state" between the helix environment and the aqueous medium of the cytosol (1426 proteins, 17112 residues).

3) Water-soluble globular proteins from the cytosol. The family of G-protein alpha subunits were chosen for this (397 proteins, 140935 residues). The following columns contain data for residue-type frequencies (% occurrence) in protein families:

G-protein: entire set of G-proteins from GPCRDB representing intracellular water-soluble globular proteins.

ExtDomain: entire set of extracellular water-compatible globular domains attached at the N-terminus of Class C GPCRs (from GPCRDB). TM1_7: entire set of transmembrane peptides from Class A of the GPCRs (from GPCRDB). H_8: entire set of Class A "H8" helices appearing at the C-terminus of Class A GPCRs (from GPCRDB). These peptides are not integrated into the membrane as the TM1_7 set are, but instead lie along the intracellular surface of the membrane with one side immersed in membrane and the other in aqueous) cytosol. As such they represent a transition from membrane to an aqueous milieu.

NR: not relevant. Legend and abbreviations to Table 1 Residue type occurrence (in %) ordered according to preferences in G-protein, ExtDomain, TM1_7 and H_8 specified in Table 1, 
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 3 consisting of only 12 of the present 20 naturally occurring amino acid residue types. An oligomer constructed from any one or a combination of the hydrophobic residue types A, V, I, L, C and M will
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 5 OoL to proceed.

A c c e p t e d m a n u s c r i p t 8 large

 8 amounts under prebiotic conditions 27 . Its product by reduction, glycerol, is, in lipids, the key linking agent between charged groups like phosphate, ethanolamine etc. and the fatty acid chains.

A c c e p t e d m a n u s c r i p t 9 nucleotides

 9 are clearly marked out as being strongly hydrophilic and hence rapidly diluted (the nucleotides also degraded) in water.
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 10 in helices, but as has been explained above and elsewhere4, and along with the other beta-branched residue type, I (see below), it is commonly found in transmembrane helices, and in the case of H8, in a helix lying along the surface where hydrophobic residues (I, V for example) are embedded in a lipid environment.
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 11 for the intracellular and extracellular sets are 62.67% and 66.88%. Helix 8, which lies on the intracellular surface and which could represent a transition from the membrane to the aqueous environment, has, correspondingly, an intermediate value 70.81%
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 12 incorporated into organic structures.
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 13 Molecular complexity is here quantified in terms of a Shannon entropy method referred to in the text 32 . Briefly, this measures molecular complexity, C, a sum of skeletal complexity term C η and a term C E which encapsulates information about the diversity of atom types in the molecule, viz.C = C η + C Ewhere (lg stands for binary logarithm) and C η = 2η lg η -Σ i η i lg η i with η a connectivity score for heavy (= non-hydrogen) atoms related inversely to the number of hydrogens on the atom, and η i a term designed to reduce the complexity measure based on the number of similar substrucures in the molecule and the number of multiple bonds, and C E = E lg E -Σj E j lg E j with E the total number of non-hydrogen atoms and E j being the number of atoms of type j.
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 141 any such set.The sequences were obtained from the GPCRDB ( www.gpcr.org/7tm/ ) Transmembrane helices from Class A GPCRs. Only transmembrane helical domains were included, water-soluble loops and N-and C-terminal chains were excised (1426 proteins 296606 residues).

4 )A c c e p t e d m a n u s c r i p t 17 38)A c c e p t e d m a n u s c r i p t 18

 41718 Water-soluble extracellular (N-terminal) domains from Class C of the GPCRs. (206 proteins, 168920 residues) Lee D.H., Granja J.R., Martinez J.A., Severin K., Ghadri M.R. (1996) A self-replicating peptide. Nature 382, 525-528. 39) Fleming K.G., Engelman D.M. (2001) Specificity in transmembrane helix-helix interactions can define a hierarchy of stability for sequence variants. Proc Natl Acad Sci U S A. 98, 14340-14344..

  Restyp: residue type (single letter code for aminoacids, Gly-P is D-glycerol-2-phosphate, the C 17 (C 17 H 35 CO 2 -) and C 16 (C 16 H 33 C:CO-) structures are typical alkyl chains present in ester and ether lipids respectively), Ad = adenine, Ur = uracil, RibP = ribose phosphate, Ay = adenylate, Uy = uridylate. The residue types that are marked with asterisks correspond to the proposed minimal set of residue types under prebiotic conditions (see text). NoChirC: number of chiral centres in molecule. NoDblBonds: number of double bonds in the side chain i.e. not counting the carbonyl of the peptide group, which is trivial information. (This and the foregoing item are simple measures of complexity and are determined by inspection of the structures). Shannon: measurement of molecular complexity using Shannon information theory as explained in the text (ref. 32). Synth: synthetic accessibility according to the number of retrosynthetic pathways as determined by the Syngen program (ref. 33). Hydrophobicity: Whole-residue hydrophobicity scales showing the free energies of transfer ΔG (kcal/mol) from water to POPC interface (ref. 31). (o) indicates the neutral form of the amino acid and (-), (+) indicates the charges forms where appropriate.
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table 1

 1 

that have Shannon entropies less than 100, are clearly in preponderance in the transmembrane helix environment (72.58% preponderance in the TM_7 set). The corresponding

  to see how RNA could develop in the way that has been widely claimed in the literature if it were just left to its fate in aqueous solution. On the other hand, it is incumbent on those who propose an origin of a replicative function involving peptides rather than RNA to explain how peptides can perform such a function. Although RNA does possess admirable catalytic properties, the principal catalytic functions in nature are performed by proteins, and even peptide synthesis can be performed by a reversal of the widely encountered proteolytic processes 34,35 , an event which would in a rudimentary form easily predate the appearance of anything as complex as a ribosome. For the more demanding replicative processes, we point out that mechanisms of this kind have already been convincingly demonstrated 36,37,38 , and further add that TMPs have been shown in numerous experiments to selectively associate with other TMPs having a suitably matching sequence 39 . Further, chiral recognition, as in the results reported with the isomerisation of glyceraldehyde 27 is an important selection mechanism. Accumulation of like or matching species through selection by affinity from a large ensemble of sequence variants is not the same as template-directed synthesis, but it represents the beginning of the replication and selection processes necessary to support life. Natural selection, a defining concept in the development of life, could thus have predated life itself.

Table 1 .

 1 Synthetic accessibility was determined using the Syngen 33 program which computes the number of retrosynthetic pathways starting from compounds in the Available Chemicals Directory.The last four columns of Table1consist of amino acid type occurrence data for four sets of

	using the JME program (http://www.molinspiration.com/jme/index.html), which also generated
	a	SMILES	representation	used	as	input	for	calculations	using	ChemDB
	(http://mine1.ics.uci.edu:8080/CHEM/Web/cgibin/tools/MolInfoWeb.py) which generated data
	for KlogP, enthalpy of formation, no. of heavy atoms, no. of double bonds and number of chiral
	centres,. The KlogP values and no. of chiral centres are listed in			

proteins defined below. The occurrence data is given in raw % values. No attempt has been made to normalise the data against any canonical set of frequency values simply because there does not

Table 1 .

 1 

	Restyp	NoChir	NoDbl	Shann	Synth	KlogP	Hydrophobicity	Gprotei	ExtDo	TM1_7	H8
		C	Bonds	on				n	main		
	A *	1	0	43	23	0.06	0.17	6.16	6.50	7.75	7.30
	C *	1	0	68	34	0.25	-0.24	1.94	3.07	3.87	2.08
	D	1	1	103	54	-0.99	(-)1.23 (o)-0.07	6.93	5.26	2.45	3.69
	E	1	1	110	91	-0.81	(-)2.02 (o)-0.01	7.97	6.03	2.06	3.08
	F	1	3	125	28	1.75	-1.13	5.31	4.92	7.21	7.14
	G *	0	0	36	5	0.00	0.01	4.40	6.61	4.92	3.28
	H	1	2	129	451	0.10	(o)0.17 (+)0.96	1.86	2.42	1.94	2.62
	I *	2	0	64	40	0.12	-0.31	7.33	6.06	8.40	6.44
	K *	1	0	77	95	-0.15	0.99	7.19	4.74	2.36	6.17
	L *	1	0	64	35	0.08	-0.56	8.93	8.58	14.93	11.10
	M *	1	0	81	61	0.27	-0.23	2.51	2.21	3.33	2.68
	N *	1	1	96	60	-0.17	0.42	4.66	4.78	3.15	2.78
	P *	1	0	72	1015	0.16	0.45	2.52	4.68	3.82	3.84
	Q	1	0	103	122	0.12	0.58	4.53	4.13	2.12	3.07
	R	1	1	125	139	0.07	0.81	6.05	4.66	3.41	4.45
	S *	1	0	63	45	-0.03	0.13	6.13	7.91	7.75	7.45
	T *	2	0	71	42	-0.08	0.14	5.34	5.28	5.83	7.18
	V *	1	0	57	31	0.14	0.07	5.56	6.46	9.17	10.51
	W	1	4	190	1014	1.85	-1.85	0.94	1.98	1.45	0.88
	Y	1	3	154	23	1.72	-0.94	3.64	3.72	4.09	4.26
	GlyP	1	1	116	21	-1.08	NR	NR	NR	NR	NR
	C17	0	1	95	55	3.68	NR	NR	NR	NR	NR
	C16	0	1	121	55	1.38	NR	NR	NR	NR	NR
	Ad	0	4	129	10	0.62	NR	NR	NR	NR	NR
	Ur	0	3	64	1234	-0.36	NR	NR	NR	NR	NR
	RibP	3	1	209	486	-1.24	NR	NR	NR	NR	NR
	Ay	3	5	430	18	-0.54	NR	NR	NR	NR	NR
	Uy	3	4	391	34	-1.26	NR	NR	NR	NR	NR

Sum of % frequencies for the 12 residue types of the minimal set 62.67 66.88 75.28 70.81 A c c e p t e d m
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Legend and abbreviations to Table

1

  Table of data referring to complexity and other molecular properties as explained in text.
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