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have shown that if we consider also reactions of formation of novel molecules
(oligomers), dynamic assemblies emerge, which contain significant amounts of
complex molecules, not available externally. In other words, the molecular assem-
bly possesses the capacity to select proper monomers from the environment and
then synthesize selected composite molecules from such precursors.

Autotrophy, based solely on the input of inorganic molecules, was considered to
be the essence of life emergence (Wachtershauser, 1988; Maden, 1995; Lazcano and
Miller, 1999). Yet, in light of the successes in prebiotic synthesis of organic com-
pounds and the availability of such molecules from extraterrestrial sources (Miller,
1986; Oro et al., 1992) this requirement may be considered less strictly neces-
sary. Thus, the capacity for selective simulated synthesis of more complex organic
compounds form simpler ones by the P-GARD model is of significance. These
simulations help establish the potential existence of mesobiotic entities (Shenhav
et al., 2003) that may have formed a bridge between the prebiotic synthesis of
monomeric organic compounds and the emergence of more elaborate life-like en-
tities that contained biopolymers.

This study, similar to previous ones (Bagley and Farmer, 1991; Root-Bernstein
and Dillon, 1997; Segre et al., 2000; Jain and Krishna, 2001) puts emphasis on the
elucidation of potential origin of life processes related to spontaneous molecular
organization, stemming from the random chemistry scenario likely to have pre-
vailed on primordial earth. We consider the formation of non-covalent molecular
ensembles to be a key process. Previously, we have shown that mutual catalysis
within such assemblies provides the capacity to transfer compositional information
to progeny (Segre et al., 2000, 2001b; Segre and Lancet, 2000). Here we have
shown that the capacity to transfer such information is retained even when more
complex molecules and a much larger repertoire are considered.

Previous models have invoked mutual catalytic sets of oligomeric molecules
(Bagley and Farmer, 1991; Kauffman, 1993; Dyson, 1999). In some of these exam-
ples, the model consisted of two or relatively few monomer types, and considered a
very large number of derived oligomers for the establishment of catalytic closure.
Criticism has been raised indicating that diminishing likelihood of realistic molec-
ular sets that contained a number of molecules of the order of the magnitude of
the entire possible oligomer repertoire. Such a problem is significantly alleviated
in the P-GARD model, in which small mutual catalytic subsets are generated. This
is despite the fact that a much larger number of monomer types is included in the
reaction scheme.

The capacity of P-GARD assemblies to manifest small closed mutually cat-
alytic sets is due to the metabolism-like structure capable of selection of a small
sub-repertoire of monomers out of all available, combined with an even stricter
selection of an oligomer sub-repertoire out of all those formally possible. In more
complex future embodiments of P-GARD, in which higher order oligomers would
be allowed, it is anticipated that such ‘pruning’ effect would become even more
crucial. This will mimic the state of affairs in present-day cellular life, where only
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an infinitesimally small fraction of all possible oligomers and polymers actually
get synthesized. While observing in the test tube the elaborate chain of events that
led to such strict selection may not be straightforward, computer simulations of the
type reported here could allow at least limited insight into the nature of such crucial
processes.

An interesting feature of GARD, further enhanced in P-GARD, is its potential
capacity to withstand putative side reactions and parasitic molecular species, as well
as its including ‘keystone’-like species, as previously shown in analogous simulated
networks (Jain and Krishna, 2002). Similarly, our system exhibits robustness even
in the presence of large fractions of parasite-like species. In addition, as previously
described by the same group (Jain and Krishna, 2001) our present simulations
suggest that mutually inhibitory species within a catalytic network are not strongly
detrimental to the network integrity and dynamics.

Evolutionary processes of replicating metabolic networks have been simulated
by the imposed introduction of new molecular species on top of a pre-existing reper-
toire to effect mutation-like changes (Bagley et al., 1991; Segre et al., 1998b; Jain
and Krishna, 2002). P-GARD, particularly when extended in the future to higher
order oligomers, harbors a built-in mechanism for producing a very large number
of novel molecular species as part of its endogenous chemistry. Furthermore, under
the regimen of endogenous emergence of novel dimer-containing compositions, a
time-dependent power law is obeyed, similar to that previously seen in other sim-
ulated evolving dynamic systems (Bak and Sneppen, 1993; Segre et al., 1998b)
governed by externally-imposed mutations. Thus P-GARD may make it possible
to observe a more natural open-ended evolution like dynamics.

The present simulation of GARD assembly populations is different from that
previously published by our group (Segre et al., 2000). In the former analysis only a
very limited number of assemblies could be followed because of computing power
constraints, as the dynamics of each assembly was simulated in full molecular
detail. Here, a phenomenological formalism was utilized, whereby each assembly
was represented by a set of three emergent fitness parameters, allowing us to handle
hundreds of assemblies for thousands of generations. This high-level treatment is
a promising avenue for future extensions to longer polymers.

The introduced notion of fitness parameters also portrays the composome popu-
lation as analogous to a quasi-species (Eigen, 1971; Eigen et al., 1988), where each
composome is analogous to a replicating polynucleotide with its own reproductiv-
ity (Ti ), and error rate related to (1 – Si ). The dynamics of our system also shows a
progression similar to natural selection, where only a few composomes exhibit non
negligible quantity in the population, while the other may be considered as extinct.

A point of criticism against a ‘metabolism first’ scenario (Morowitz, 2002) is
its lack of heredity and evolutionary potential (Szathmary, 2000). Metabolism-like
networks such as depicted by the P-GARD model, and similar to other autocatalytic
sets may help alleviate such criticism. The fact that P-GARD is capable of sustaining
a specific composition of dimers through a series of growth and split events, and
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also that in population simulations it shows extinctions and survivals, signifies
characteristics resembling evolution, thus helping to bridge the dual requirement
for metabolism and for the propagation of information.

Acknowledgements

This research was supported by funds from the Crown Human Genome Center and
by the Abraham and Judy Goldwasser fund. Doron Lancet holds the Ralph and
Lois Silver Chair in Human Genomics.

References

Acevedo, O. L. and Orgel, L. E.: 1986, Template-Directed Oligonucleotide Ligation on Hydroxylap-
atite, Nature 321, 790–792.

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. and Walter, P.: 2002, Molecular Biology of
the Cell, Garland Pub.

Anders, E.: 1989, Prebiotic Organic Matter from Comets and Asteroids, Nature 342, 255–257.
Bagley, R. J. and Farmer, D. J.: 1991, Spontaneous Emergence of a Metabolism, in Langton, C. G.,

Taylor, C., Farmer, J. D. and Rasmussen, S. (eds), Artificial Life II, Addison-Wesley, Redwood
City, pp. 93–140.

Bagley, R. J., Farmer, D. J. and Fontana, W.: 1991, Evolution of a Metabolism, in Langton, C. G.,
Taylor, C., Farmer, J. D. and Rasmussen, S. (eds), Artificial Life II, Addison-Wesley, Redwood
City, pp. 141–158.

Bak, P. and Sneppen, K.: 1993, Punctuated Equilibrium and Criticality in a Simple Model of Evolution,
71, 4083–4086.

Basile, B., Lazcano, A. and Oro, J.: 1984, Prebiotic Syntheses of Purines and Pyrimidines, Adv. Space
Res 4, 125–131.

Briggs, M. H. and Mamikunian, G.: 1964, Organic Constituents of Carbonaceous Chondrites, Life
Sci. Space Res 2, 57–85.

Bujdak, J. and Rode, B. M.: 1999, The Effect of Clay Structure on Peptide Bond Formation Catalysis,
J. Mol. Catal. A-Chem. 144, 129–136.

Cooper, G., Kimmich, N., Belisle, W., Sarinana, J., Brabham, K. and Garrel, L.: 2001, Carbonaceous
Meteorites as a Source of Sugar-related Organic Compounds for the Early Earth, Nature 414,
879–883.

Deamer, D. W. and Pashley, R. M.: 1989, Amphiphilic Components of the Murchison Carbonaceous
Chondrite: Surface Properties and Membrane Formation, Orig. Life Evol. Biosph. 19, 21–38.

Dyson, F.: 1999, Origins of Life, Cambridge University Press, Cambridge.
Eigen, M.: 1971, Selforganization of Matter and Evolution of Biological Macromolecules, Naturwis-

senschaften 58, 465–&.
Eigen, M., McCaskill, J. and Schuster, P.: 1988, Molecular Quasi-Species, J. Phys. Chem. 92, 6881–

6891.
Ertem, G. and Ferris, J. P.: 1997, Template-directed Synthesis Using the Heterogeneous Templates

Produced by Montmorillonite Catalysis. A Possible Bridge Between the Prebiotic and RNA
Worlds, J. Am. Chem. Soc. 119, 7197–7201.

Eschenmoser, A.: 1999, Chemical Etiology of Nucleic Acid Structure, Science 284, 2118–2124.



132 B. SHENHAV ET AL.

Fendler, H. J. and Fendler, E. J.: 1975, Catalysis in Micellar and Macromolecular Systems, Academic
Press, New York.

Ferris, J. P., Edelson, E. H., Mount, N. M. and Sullivan, A. E.: 1979, The Effect of Clays on the
Oligomerization of HCN, J. Mol. Evol. 13, 317–330.

Ferris, J. P. and Ertem, G.: 1993, Montmorillonite Catalysis of RNA Oligomer Formation in Aqueous
Solution. A Model for the Prebiotic Formation of RNA, J. Am. Chem. Soc. 115, 12270–12275.

Gomperts, B., Kramer, I. M., Tatham, P. E. R. and Gomperts, B. D.: 2002, Signal Transduction,
Academic Press.

Jain, S. and Krishna, S.: 2001, A Model for the Emergence of Cooperation, Interdependence, and
Structure in Evolving Networks, Proc. Natl. Acad. Sci. USA 98, 543–547.

Jain, S. and Krishna, S.: 2002, Large Extinctions in an Evolutionary Model: The Role of Innovation
and Keystone Species, Proc. Natl. Acad. Sci. USA 99, 2055–2060.

Kaneko, K.: 2002, Kinetic Origin of Heredity in a Replicating System with a Catalytic Network, J.
Biol. Phys. 28, 781–792.

Kauffman, S.: 1993, The Origin of Order, Oxford University Press.
Kochavi, E., Bar-Nun, A. and Fleminger, G.: 1997, Substrate-directed Formation of Small Biocatalysts

Under Prebiotic Conditions, J. Molecular Evol. 45, 342–351.
Lancet, D., Sadovsky, E. and Seidemann, E.: 1993, Probability Model for Molecular Recognition

in Biological Receptor Repertoires: Significance to the Olfactory System, Proc. Natl. Acad. Sci.
USA 90, 3715–3719.

Lawless, J. G.: 1980, Organic Compounds in Meteorites, Life Sci. Space Res 18, 19–27.
Lazcano, A. and Miller, S. L.: 1999, On the Origin of Metabolic Pathways, J. Mol. Evol. 49, 424–

431.
Lodish, H., Berk, A., Zipursky, S. L., Matsudaira, P., Baltimore, D., Darnell, J. and Zipursky, L.: 1999,

Molecular Cell Biology, W.H. Freeman & Co.
Maden, B. E.: 1995, No Soup for Starters? Autotrophy and the Origins of Metabolism, TIBS 20,

337–341.
Maurette, M.: 1998, Carbonaceous Micrometeorites and the Origin of Life, Orig. Life Evol. Biosph.

28, 385–412.
Miller, S. L.: 1953, A Production of Amino Acids Under Possible Earth Conditions, Science 117,

528–529.
Miller, S. L.: 1986, Current Status of the Prebiotic Synthesis of Small Molecules, Chem. Scr. 26B,

5–11.
Mitsuzawa, S. and Watanabe, S.-I.: 2001, Continuous Growth of Autocatalytic Sets, Biosystems 59,

61–69.
Morowitz, H. J.: 1967, Biological Self-replicating Systems, in Snell, F. M. (ed), Progress in Theoretical

Biology, Academic Press, pp. 35–58.
Morowitz, H. J., Heinz, B. and Deamer, D. W.: 1988, The Chemical Logic of a Minimum Protocell,

Orig. Life Evol. B 18, 281–287.
Morowitz, H. Z.: 2002, The Emergence of Everything, Oxford University Press, New York.
Oparin, A. I.: 1953, The Origin of Life, Dover Pub., N.Y.
Oparin, A. I.: 1957, The Origin of Life on the Earth, Oliver and Boyd, London.
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Szathmáry, E.: 2000, The Evolution of Replicators, Philos. Trans. R. Soc. Lond. B Biol. Sci. 355,

1669–1676.
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