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Abstract. Theories of the origin of life have proposed levels of complexity, such as homochirality (handedness)
hypotheses to link inanimate to animate matter. Theand membranal enclosure. Subsequent evolution by the
theory proposed here derived the crucial stages in theame mechanism generated cellular metabolism, cell di-
origin of animate matter directly from the basic proper-vision, information carriers, and a genetic code. Theories
ties of inanimate matter. It asked what were gemeral  of self-organization without natural selection are refuted.
characteristicsof the link, rather than what might have

been itschemical detailsLife and its origin are shownto Key words: Origin — Animate matter — Autocataly-

be one continuous physicochemical process of replicasis — Natural selection — Sequels — Complexity —
tion, random variation, and natural selection. Since lifeMetabolism — Cellular organization — Genetic code
exists here and now, animate properties must have been
initiated in the past somewhere. According to the theory, )

life originated from an as yet unknowelementary au- Introduction

tocatalystwhich occurred spontaneously, then replicated

autocatalytically. As it multiplied to macroscopic abun- Scientific literature abounds with theories of the origin of
dance, its replicas gradually exhausted their reactantdife (Shapiro 1986). Some say life started with template-
Random chemical drift initiatedliversity among auto- replicating polymers (Eigen 1992 and references
catalysts. Diversity led to competition. Competition andtherein), some say with pyrites (Waechtershaeuser
depletion of reactants slowed down the rates of net rep1992), some say with thioesters (de Duve 1991), some
lication of the autocatalysts. Some reached negative ratesay with clays (Bernal 1967; Cairns-Smith 1982), some
and became extinct, while those which stayed positivesay with polypeptides (Oparin 1957; Fox 1988; Dyson
“survived.” Thus chemical natural selectioappeared, 1985; Kauffman 1993), and this list is neither exhaustive
the first step in the transition from inanimate to animatenor final. Some say life started in an oceanic thick soup
matter. It initiated the first animate properfitness,.e.,  (Oparin 1957), some say in hydrothermal vents (Waech-
the capacity tadapt to the environmeraind tosurvive.  tershaeuser 1992), some say in microscopic confine-
As the environment was depleted of reactants, it wasnents (Oparin 1957; Fox 1988; Dyson 1985), and here
enriched withsequels—namely, with decomposition again the list is neither exhaustive nor final. A thorough
products and all other products which accompany autoeritical review of the current work in this field was pre-
catalysis. The changing environment exerted a selectiveented in two excellent articles, one by Joyce (1989) on
pressure on autocatalysts to replace dwindling reactanRNA evolution, and the other by Orgel (1992) on mo-
by accumulating sequels. Sequels that were incorporatelécular replication. From these one learns how difficult it
into the autocatalytic process becaiméernal compo- s (or perhaps impossible) to trace the chemical evolution
nents of complex autocatalytic systems. Primitive formsack from the chemistry of the present cellular metabo-
of metabolismand organization were thus initiated. They lism to the chemistry of the prebiotic world. The abun-
evolved further by the same mechanism to ever highedance of specific theories in the study of the origin of life
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seems to be due to the general consensus that hypothestd| roughly into two classes. One class assumes the pri-
scenarios, or models are indispensable. They come to filnacy ofmetabolism and cellular organizatioiihe other
the vacuum created by the scarcity of more reliableclass assumes the primacy mejproduction and genetic
sources of information on prebiotic evolution. information. The question, “Which came first, metabo-
This paper suggests thaganeraltheory of the origin  lism or reproduction?” is metaphorically the question,
of life, based only on established knowledge and com+Which came first, the chicken or the egg?”
monly accepted premises, is both feasible and desirable Many authors (Waechtershaeuser 1992; de Duve
(Lifson 1987). The knowledge resides in astrophysics,1991: Cairns-Smith 1982; Oparin 1957; Fox 1988; Dy-
geology, chemistry, molecular biology, and evolutionaryson 1985; Kauffman 1993) favor the chicken-first hy-
biology. The premises come from quantum mechanicgothesis, although otherwise their ideas vary widely.
and statistical thermodynamics. The theory should eXxThese studies deserve a thorough, separate discussion,
plain the origin of the unique phenomena which sustainyhere their contributions to the present “state of the art”
life, such as reproduction, metabolism, and their corol-shguid be recognized and discussed in the light of the
laries, independent of the particular composition of a”i'theory proposed below. Here, suffice it to point out a
mate matter. ~__ common denominator of the chicken-first scenarios. It is
_Two levels of phenomena should be distinguishedg yiew that metabolism is a complex set of reactions,
with respect to the origin of life. One level contains 54 random chemical drift is a process that leads to ever-
general, broadly outlined phenomena whitlisthave  j,-reasing complexity; therefore, random drift could ini-
happened or else life could not originate, and which canj;ie metabolism if it started with the appropriate com-
presumably be deduced from already-established know'ﬁ)ounds and reactions and if it lasted long enough.
edge. A logical and temporal order of the origins of such | challenge this view. While metabolism is certainly

phenomena should constitute the body of a genera‘J:omplex, complex systems are not necessarily metabolic.

theor_y of the origin of life. For exampleeproductlonls Metabolism is a complex set of reactions which are mu-
certainly essential for any form of life. Hence, some form ; :
tually regulated and coordinated for the survival and

of molecular replicationmust have been initiated spon- T o Lo
. o~ . replication of the living system. While inanimate com-
taneously in the prebiotic environment as an elementary,;” .". : :
plexities result from random drift alone, metabolic com-

urely physicochemical form of reproduction. . . o )
purely pny b apIeX|ty requires coordination and regulation. These are

The other level comprises particular phenomen ific to if d it tural selecti .
which might but need ndbave happened. Ideas, sugges-s’peCI iclolite and result irom natural selection acting on

tions, and hypotheses on this level should be compatibléandom drift. ‘_’Vhe“?"er a hypothesis or a scenario de-
with the general theory but not deducible from it, and the'lves r_netz_;\bollsm without natural selec_tlon, a deliberate
theory may be helpful in assessing their credibility. ForS€lection is performed by the author himself. Mostly, a
example, the monomers of template-replicating polymerd€tailed sequence of steps is chosen by personal convic-
might have been available either from the start (EigerfiONS- Each step may be an interesting and probable
1971, 1992; Orgel 1992) or from early natural selection.€Vent. However, the convergence of the proposed se-
Both alternatives are legitimate hypotheses, and the gerfiluence of steps, each one at its right time and place, to a
eral theory indicates that the latter is more plausiblePredetermined targeis most improbable. o
Hypotheses which are incompatible with a general Some supporters of the chicken-first hypothesis claim
theory cannot be true, and it should be possible to shoWe have proven theoretically the feasibility sklf-

where do they go wrong. A critical examination of such Organization and metabolism without natural selection.
hypotheses is presented below. Such proofs cannot be true. | studied carefully two such

proofs, one by Kauffman (1986, 1993) and the other by
Dyson (1985). The findings are presented in some detalil
in Appendices A and B because their relevance extends,
| believe, beyond the present study.

Authors who favor the egg-first hypothesis (Eigen
Earth’s surface was always teeming with irreversible,1971, 1992; Orgel 1992, 1995; Crick 1968) link the ori-
stochastic processes, spurred by the high-energy flux afin of animate matter with the origin of information-
sun radiation as well as by the flux of energy and mate-carrying polymers. Eigen (1971) was the first to propose
rial from inside the earth and from outer space. Theautocatalysis as the starting point of self-organization of
stochastic processes included a random chemical drift ahatter and the evolution of biological macromolecules.
innumerable compounds and reactions, from the mosin his model, autocatalysis took the form of template
ubiquitous and the most stable to the rarest and the moseplication of polymers. One may question whether or
unstable. A comprehensive knowledge of all such comnot template-replicating polymers were the first auto-
pounds and reactions is not available. Therefore, theatalytic molecules which originated spontaneously in
search for compounds that could have initiated the originnanimate matter. There can, however, be no doubt that
of life elicited various hypotheses, as noted above. Theysome autocatalysis must have been initiated spontane-

The Chicken and the Egg
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ously in one form or another. If template-replicating bio- first such property is molecular replication by autoca-
polymers were not generated spontaneously they musalysis, which is the physicochemical analog of bio-
have evolved from other autocatalysts by natural selecehemical DNA replication and biological reproduction.
tion. Recently, synthetic autocatalysis and in vitro selec- Let the termelementary autocatalystdenote self-
tion have become a center of interest (Eigen 1992; Orgeleplicating (or mutually replicating) molecules which
1992; Feng et al. 1992; Green and Szostak 1992; Sievestarted autocatalysis spontaneously in a prebiotic envi-
and von Kiedrovsky 1994; Joyce 1994; Li and Nicolaouronment. Once an autocatalytic molecule originates
1994; Chapman and Szostak 1994; Rebek 1994; Boehlespontaneously, it can grow exponentially by replication
et al. 1995; Wilson and Szostak 1995) because of theiand reach macroscopic abundance if its reactants are
resemblance to biological template replication and natuabundantly available and if itsate of net replicationis
ral selection. The studies of the egg-first class deservpositive. A positive rate of net replication means that the
also, like those of the other class, a thorough discussiorrate of replication is faster than the rate of decomposi-
Here suffice it to note that the theory presented belowtion. The prebiotic elementary autocatalysts apparently
supports the primacy of replication and of natural selecdeft no tangible traces, so we don’t know how much they
tion in the earliest stages of the origin of life. resembled polynucleotides. However, the fact that life
Notwithstanding the above critical comments, theexists implies that replication did evolve all the way from
theory which follows rests on ideas taken from both theinanimate elementary autocatalysis to biological repro-
egg-first and the chicken-first classes. However, it offersduction.
a new, comprehensive view of the origin and evolution Autocatalysis is a unique reaction. This may be ap-
of reproduction, natural selection, metabolism, and gepreciated by comparing it with heterocatalysis, using the
netic information. In particular, it explains the important following notation:

role of the mutual interaction between animate matter . .
and its changing environment in the evolution of com- (i) ltalics for a single compoundpoldface for a set of

plexity and metabolism. ) compounds.
(i) Lowercase for a molecular scale, UPPERCASE for a
MOLAR scale.
Elementary Autocatalysis, Amplification, Consider theheterocatalyticreaction scheme

and Extinction

c
R=p (1)
The theory presented here is based on established knowl- ] )
edge, summarized succinctly in the following observa-WhereR is a set of macroscopically abundant reactants,
tions. catalyzed by a single catalyst molecaléo produce one

First, life exists on earth, while astrophysical and geo-Moleculep each microsecond. To produce one mble

3 H 0 H
logical evidence shows that our planet was lifeless durvould tale 6 x 1G°ms, i.e., abot2 x 10° years, which

ing its early days. Furthermore, if life exists (or ever 'S Ionger than the estimated age ,Of the unive_rse.
existed) on other planets somewhere in the universe, Consider next the correspondirgitocatalyticreac-

such planets were also lifeless during their early days!!on scheme

Thus, animate matter must have evolved from inanimate a
matter. R=a 2)
Secondanimate and inanimate matter obey the samevhere R is catalyzed by one elementary autocatalyst
general laws of matter, based on quantum mechanics antloleculea to replicate at the same rate as above, one net
statistical thermodynamics. These laws suffice, in prin-replication each microsecond. The reaction would yield
ciple, to explain the physical and chemical processes imwo replicas in the next microsecond and would double
animate matter, and therefore should suffice to explairtheir number each following microsecond. If autocata-
their origin. lytic doubling were to continue unattenuated, it would
Third, Darwin’s The Origin of Species by Means of produce one mole oA within mere 79us (2°° 06 x
Natural Selectiomffered the only rational explanation of 10?°). Even if the autocatalytic reaction were orders of
the evolution of animate matter. Quoting Dawkins magnitudes slower, say, one replica per day, it would still
(1982), “god and natural selection are, after all, the onlyproduce one mole of within only 79 days.
two workable theories we have of why we exist.” Thus, a spontaneous synthesis of an autocatalyst ini-
Based on these premises, the theory of the origin ofiates an explosion-like phenomenon. However, auto-
animate matter proves théife and its origin are one catalytic doubling cannot go on indefinitely. Soon, am-
continuous process of stochastic physicochemical eventslification shifts to different kinetic routes. Some of
directed by natural selectiorfor inanimate matter to be these routes have been discussed by appropriate models
subjected to natural selection it has to possess or acqui&igen 1971; Szathmary 1991). Here we are concerned
the appropriate physicochemical properties. These willvith general trends rather than with kinetic details. Two
be introduced in their logical and temporal order. Thesuch trends determine the course of autocatalfist,
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as long as net replication stays positive, amplificationleads necessarily to successive extinctions. First to go is
continues Secondautocatalysts necessarily change theirthe mutant whose net replication is the slowest, then goes
environment. the next slowest, and so on. If the number of mutants

When an autocatalysa, is amplified to macroscopic were limited, the fastest mutant would remain without
abundanceA, and its reactants are depleted accordingly,competitors and would eventually reach a steady state.
net replication slows down. It eventually reaches a steadyhis is the essence of natural selection among autocata-
state of zero net replication, which prevails if, and aslysts, orprimitive natural selectionthe physicochemical
long as, the reactants are supplied steadily. The rate afnalog of biological natural selection. The fastest mutant
autocatalysis is then determined by the reactamhose may be calledhe fittestand may be said teurvive by
rate of supply is the slowest. The reaction scheme is novbeing selectedagainst the other, less fit mutants.

Steady states cannot be reached when new mutants
occur incessantly and join the process of natural selec-
tion. The fittest among the new mutants eventually re-
place old mutants, and this may continue as long as at
least one surviving autocatalyst possesses a non-negative

dd ition o I LI th Vi net-replication rate. The other alternative is total extinc-
and decomposition are all equal. € SUBPY IS tion, if the last autocatalyst reaches a negative net-

exza}usted%dﬁc%mpos es .gr?dua!ly total tgxtmctlon h replication rateAutocatalysis is, therefore, an inherently
an eatvest eﬁ;\n 3C ef“'hcad en.\t/;&),nrgen |mpoy$r|s eﬂnstable processSince extinction of the unfittest is al-
In reactants oA and enriched withh's decomposition ways final in the long run while the survival of the fittest

products as well as other by-products. is not, natural selection forces autocatalysts to evolve,

T_hus, autocatalysis POSSESSES two complementary C‘?\'amely, to change continuously toward new modes of
pacities,tremendous amplification and tremendous re- < urvival

duction.It amplifies itself as well as its by-products and Let me conclude this section by alluding to the

decomposition products, from microscopic to maCro'uniqueness of Darwinian evolution among evolutionary

scopic gbupdance, and it reduces its reactants even B’rocesses in general. Evolution of galaxies and solar sys-
total extinction.The fact that these capacities are typlcaltems means the long-time course of a random drift of

of both inanimate replication and biologica! rgprodugtion macroscopic systems toward ever-increasing entropy, or
has far-reaching consequences for the origin of an'matgver-decreasing free energy. Darwinian evolution of au-
matter. tocatalytic systems is no exception in this respect. How-
ever, its random drift is directed by natural selection
toward all those specific properties that characterize ani-
Diversity, Fitness, and Natural Selection mate matter, namely, fithess, adaptability, organization,
and the like. Such properties are neither related directly
An autocatalytic molecule may be modified by reactingto thermodynamics nor measurable by its methods. As a
with either another autocatalytic molecule or with aconsequence, animate organization and inanimate order
somewhat different reactant or by some other chemicabre totally different and unrelated concepts. Unfortu-
process. When such modifications retain autocatalysis, aately, their superficial similarity is a source of much
family of diverse autocatalytic species is formed. Mem-confusion in the context of life and its origin.
bers of the family that share all or some reactants will be
namedprimitive mutantspr, in short,mutants,because
of their functional resemblance to their biological rela-
tives. A new mutant, like the elementary autocatalyst,
grows from microscopic up to macroscopic abundance
whenever and as long as its net-replication rate is posiHitherto, fithess was presented as a property of an auto-
tive. catalyst relative to other autocatalysts, namely, its ability
Mutants whose rates of net replication are not equato survive at the expense of less-fit autocatalysts. In a
cannot maintain together a steady state (see Appendiaroader sense, fitness is determined by the relation be-
C). As their reactants are gradually depleted, their ratesween the autocatalysts and their environment. A mutant
of net replication are gradually abated. Eventually, somas fitter than other mutants in a given environment if it is
rates become first zero, then negative, while the otherbetteradaptedto the environment. Therefore, the course
are still positive.Change of sign of the rate of net rep- of evolution of autocatalysts by natural selection was
lication is a singular turning point, irrespective of the determined in its broad outlines by the environment to
kinetic details.Above this point, when the rate is posi- which survivors were being continually adapted. How-
tive, amplification dominates. Below this point decom- ever, the reverse process was equally important. The en-
position dominates, leading exponentially to total extinc-vironment was continually modified by the depletion of
tion. Consequently, competition between several mutantthe reactants and the accumulation of the autocatalysts as

R +r A A 3)

whereR’ represents all reactants exceptn the steady
state, the rate of supply ofand the rates of production

Primitive Metabolism
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well as their by-products and decomposition productstocatalyst which is heading toward extinction because
Thus, adaptation of autocatalysts to their environmenbne of its reactants is continuously depleted. If the au-
and change of the environment by the autocatalysts wertocatalyst or some of its mutants gain a selective edge
intertwined in a spiral evolutionary process. This procesver their competitors when some of their sequels re-
was initiated and mediated through a whole class of complace the depleted reactant, they survive together with
pounds, which | shall cabequels of autocatalysis. these sequels. Another example is a complex autocata
Sequels of autocatalysis are all those compound¥tic system which would gain a selective advantage
which are derived directly or indirectly from the auto- When some of its sequels would promote its net replica-
catalysts. Direct sequels are the above-mentioned ddion by catalyzing or regulating various parts of the com-
composition products and by-products. Indirect new sePlex process.
quels are produced when already-existing sequels, Furthermore, the process of incorporating sequels as
whether direct or indirect ones, react either with eachintérnal components of complex autocatalysis is not lim-
other, or with other compounds, and/or with high-energyited to single autocatalysts. When sgqugls of several au-
fluxes like sun radiation. Thus, sequels comprise conlocatalysts support each other’s replication, they all gain

secutive generations, the first generation being the sourceP!lectively a selective advantage. The result is a meta-
of the second. and so on. bolic system of higher complexity, comprised of several

Sequels mediate the spiral process of evolution of th@utocatalysts and their sequels which depend on each

autocatalysts and their environment in two complemenpther to maintain together a positive net-replication rate.

tary ways. On the one hand, all sequels trail more or Iesghlfs’ o(;dband less gomplex syst?ms may bhe gradualrlly
the footsteps of theisource autocatalystdNew sequels replaced by new and more complex ones whenever the

rise from microscopic to macroscopic abundance to.more complex systems are better adapted to their envi-

gether with their source autocatalysts when net replicafrgng]e;t;[ "\tloc:?fetrsataco%gf)él'tsytrli ntqct):):);tilftsgtscz;/c?g

tion is positive. Other sequels fade away following the ge, butt Saw IStributl u :
L . - which new and fitter mutants might emerge as survivors.

extinction of their source autocatalysts, when net repli-

cation is negative. Thus, autocatalysts change their

chemical environment through their sequels. On the

other hand, the changing environment exerts a selectivBeyond Primitive Metabolism

pressure on the existing distribution of autocatalysts
through the sequels. The selective pressure may mater . present theory is not fit to trail the evolution of

alize in many ways. Here, suffice it to recognize that ,mpjex autocatalytic systems from primitive to cellular
adaptation of autocatalysts to their changing environ- neianolism. The difficulty is that mutations are random
ment by incorporating sequels into the autocatalytic pro-microscopic events which cannot be foreseen; therefore
cess yields a great selective advantage. o _evolution can be neither reconstructed backward nor pre-
Sequels which participate in the process join theirgicted forward. However, some general observations can
source autocatalysts agernal components of a complex pe made, which offer new insights and raise new ques-
autocatalytic systermn addition, compounds which par- tjgns.
ticipated in the synthesis of these sequels becerter- A common paradigm, initiated with classic experi-
nal reactantsof the complex autocatalytic system. The ments of Miller (1955), says that monomeric “building
chemical reactions which take place in complex autopjocks” of some precursors of biopolymers first accu-
catalytic systems are by their very nature coordinated senulated spontaneously and then polymerized to yield
as to secure the positive net replication of the systemunctional polymers. This paradigm explains neither how
because those which do not do so are eliminated byhe “building blocks” accumulated to sufficiently high
natural selection. | shall call this kind of complexity concentrations, nor how their synthesis transformed from
“ primitive metabolisny, because it is primitive relative spontaneous to metabolic synthesis. The present study
to cellular metabolism but fits the definition suggestedviews the primordial “building blocks” as the naturally
above, “a complex set of reactions which are mutuallyabundant reactants of the first elementary autocatalysts,
regulated and coordinated for survival and replication” whatever their composition might have been. They were
of the complex system. generally consumed in the replication process, and were
Insomuch as primordial primitive metabolism appar-replaced by sequels of autocatalysis which initiated
ently left no traces, there is room for hypotheses, sceprimitive metabolism. The particular case of sequels be-
narios, and models concerning the possible roles of sang identical to the primordial building blocks of their
guels. However, these are outside the scope of theource autocatalysts may not be excluded. However, the
present paper, as they may but need not occur. The folmore general case of new sequels replacing old reactants
lowing simple scenarios are only examples, intended tonay not be excluded either, because it is the major factor
show how the involvement of sequels in autocatalysisn the spiral evolution of complex autocatalysis and its
breeds primitive forms of metabolism. Consider an au-environment, as discussed above. In particular, nucleo-
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tides and their template-replicating polymers, whichChapman KB, Szostak JW (1994) In vitro selection of catalytic RNAs.
seem too complex and insufficiently stable to accumulate_ -iuéL?;pTgigu?thI _4{61*1;?22 e code. 3 Mol Bio| 38:367
to significant concentrations in a prebiotic environment, " (1968) The origin of the genetic code. J Mol Biol 38:367-

could have qulyed as metabolites SomeWhere along thgawkins R (1982) The extended phenotype. Freeman, Oxford, p 181
road from primitive to cellular metabolism. de Duve C (1991) Blueprint for a cell: the nature and origin of life. Neil
The present study suggests also how autocatalytic sys- Patterson, Burlington, NC
tems acquired other characteristic properties of Iivinggo"er C;?(&l;’;’;)gf‘ the efdﬁe- gatuge,365:605‘70$ oress. Lond
. . o Dyson rigins of life. Cambridge University Press, London
organlsmg. Qne example IS_ hlomOChlra“ty’ or hand_ed Eigen M (1971) Self-organization of matter and the evolution of bio-
ness, which is so charapterlstlc of cellular metabo'!sm logical macromolecules. Naturwissenschaften 58:465-523
(Bonner 1995). When chiral compounds are synthesizedigen M (1992) Steps toward life: a perspective on evolution. Oxford
in a nonchiral environment, the amounts of the two en-  University Press, Oxford ‘
antiomers (the mirror images of each other) are, as a ru|é=,eng Q, Park TK, Rebek J Jr (1992) Crossover reactions between
. : . theti licat ield acti d inacti binants. Sci-
equal. A chiral autocatalyst is a natural exception, pro- 57 1% % FEP7a 72 VI ACive and Macive fecombinants. ¢
vided chlr_ahty IS reFamed_ in the replication. If such a Fox SW (1988) The emergence of life. Basic Books, New York
molecule is synthesized either spontaneously or as a chirank FC (1953) On spontaneous asymmetric synthesis. Biochem Bio-
ral mutant of a nonchiral autocatalyst, it may replicate to  phys Acta 11:459-463
macroscopic abundance and deplete its reactants thfgeen R, Szostak JW (1992) Selection of a ribosyme that functions as
. . ’ a erior template in a self-copying reaction. Science 258:1910—
reducing the chance of spontaneous synthesis of the 951u5p ! plate in a sefi-copying react '
other enantiomer (Frank 1953). HomOCh"ff‘“ty could joyce GF (1989) RNA evolution and the origin of life. Nature 338:
then spread to many components of metabolism through 217-224
chiral sequels whenever it offered selective advantagesioyce GF (1994) In vitro evolution of nucleic acids. Curr Opin Struct
Another property which is expected to have originated, Bﬁ'o' 413;;?326 Autocatalviic sets of brotein. 3 Theor Biol 146:
from sequels during the early evolution of primitive me- “*7"7°" (1986) Autocatalytic sets of proteins. J Theor Biol 119:
t.ab0||5m. is its enclosure in membranqus vesicles. PriMixayfiman SA (1993) The origins of order: self-organization and se-
tive vesicles could have been obtained from sequels lection in evolution. Oxford University Press, Oxford
which could either form membranes directly or catalyzelLi T, Nicolaou KC (1994) Chemical replication of palindromic duplex
the synthesis of membrane-forming molecules. Such DN/;-(’;‘;‘;‘J?r)egfgiz_lsl‘zzll con. diversity. 1ol i
. . . _Lifson emical selection, diversity, teleonomy and the sec-
vesicles would carry with them many selective advan ond law of thermodynamics, reflections on Eigen'’s theory of self-
tages (Dyson 1985) and would gradually evolve toward  organization of matter. Biophys Chem 26:303-311
the highly complex cellular membranes. Miller SL (1955) Production of some organic compounds under pos-
Cellular organization, directed by a genetic code sible primitive earth conditions. J Am Chem Soc 77:2351-2361
which controls cellular metabolism, is extremely com- Oparin Al (1957) The origin of life on earth. Oliver & Boyd, Edinburgh
. Orgel LE (1992) Molecular replication. Nature 358:203-209
F_)Iex' The present theory has m,) answer to the big que%rgel LE (1995) Unnatural selection in chemical systems. Acc Chem
tion of how noncoded metabolism was transformed t0 "Res 28:109-118
coded metabolism and what the links were between th@&ebek J Jr (1994) A template for life. Chem Br 30:286—290
two. Itimplies, however, that the evolution of the genetic Shapiro R (1986) Origins: a skeptic's guide to the creation of life on
code was intertwined from its very beginning with the  e€arth. Summit, New York

. . . Sievers D, von Kiedrovsky G (1994) Self-replication of complementary
evolution of metabolism. For this reason, template rep nucleotide-based oligomers, Nature 369:221-224

I'_Cat'on of polymers V_Vh'Ch carry Coqed genetic 'nforma'_ Szathmary E (1991) Simple growth laws and selection consequences.
tion should be considered as a high-leveled metabolic Trends Ecol Evol 6:366—370
phenomenon, while the origin of replication and primi- Waechtershaeuser G (1992) Groundworks for an evolutionary bio-
tive metabolism are at the roots of the origin of animate chemistry: the iron-sulfur world. Prog Biophys Mol Biol 58:85-201
matter Wilson C, Szostak JW (1995) In vitro evolution of a self-alkylating

' ribosyme. Nature 374:777-782
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All quotations and references to Kauffman (1993) are followed by pageit the claim for “crystallization of connected metabolism as a perco-
number. lation problem.”

Kauffman challenges Neo-Darwinism. (“Since Darwin’s theory of
evolution, Mendel's discovery of atoms of heredity, and Weismann’s
theory of the germ plasm, biologists have argued that evolution require . . , . .

a genome. False, | claim” [p. 285].) According to Kauffman, ‘Self- %ppendlx B: D_yson s Metabolism Without
Organization on the Edge of Chaos' is a universal force in evolution, inNatural Selection
addition to, and independent of, Darwinian natural selection. Part Il of

the book deals with “The Crystallization of Life"—namely, with its  Dyson (1985) offered a different theory of metabolism without natural
origin. It claims that “catalytic closure” of “reflexively autocatalytic  selection wherein he addressed fundamental problems in the philoso-

subsets” (p 285) leads to “Crystallization of Connected Metabolism phy of b|0|ogy His views were Succincﬂy presented in the C|Osing
as a Percolation Problem” (p. 346). Kauffman derives catalytic closureparagraph (p. 77).

by trying to show that “a collection of molecules has the property that
the last step in the formation of each molecule is catalyzed by some ! have beentrying to imagine a framework for the origin of life,
molecule in the system” (p. 285). There are many problems with the ~ guided by a personal philosophy which considers the primal
model, but they need not all be discussed because of a major error characteristics of life to be homeostasis rather than replication,
which renders its conclusions wrong anyhow. diversity rather than uniformity, the flexibility of the genome

The model discusses a set of polypeptides up to a maximum length rather than the tyranny of the gene, the error tolerance of the
M, which contains all linear combinations of two monomer species. ~ Whole rather than the precision of the parts. | hold the cre-
The number of different sequences 42 and the total number of ativity of quasi-random complicated structures to be a more
bonds between the monomers M ¢ 2)- 2 (pp. 301-302). The important driving force of evolution than the Darwinian com-
polymers may catalyze the ligation and cleavage of the bonds with a  Petition of replicating monads.
constant probability?, and the catalysis is absolutely specific. “Only Thus, Dyson stressed points which were perhaps neglected by others,
one among the i - 2)- 2""**] possible reactions is catalyzed by one ¢ it seems to me that homeostasis and replication, diversity and
protoenzyme. . . | shall suppose that any polymer has a constant prob-niformity, tolerance and precision are all primal characteristics of life.
ability P of catalyzing any reaction” (p. 306). The present theory agrees with Dyson that the origin of primitive

Kauffman’s derivation of catalytic closure includes the follow- metabolism necessarily preceded the origin of coded information.
ing argument: Consider the longest polymers of interest, those Hov_vever, Dyson’s derivation of metabolism introduagthatural se-

of lengthM. Any specific polymemM* can be formed iVl — 1 lection.

ways by condensation of smaller polymers. The chaPiceat Thanks to Dyson’s lucid and precise style, it is easy to recognize
none of the ¥** polymers in the set catalyzes any of thle— where and how unnatural selection has been introduced. Dyson based
1 reactions is just his mathematical model on ten clearly stated assumptions (pp. 44-50).

My - Assumption (3) stated: “There is no Darwinian selection. Evolution of
P=(@Q-P) =exp (P-(M-1)-2"" (7.6) the population of molecules within a cell proceeds by random drift.”
If we require thatP be low, say 0.001, then we have stated a ~ However, Dyson must have sensed that no metabolism can be reached
condition such that, with a probability 0.999, the formation of by unrestricted drift. Therefore he restricted the random drift by as-
M* will be catalyzed by at least one member of the set (p. 309).  sumption (7): “The active monomers are in active sites where they
contribute to the ability of a polymer to act as an enzyme. To act as an
For P to be low, the exponerR - (M — 1)- 2"** in equation (7.6) must enzyme means to catalyze the mutation of other polymers in a selective
be high. However, this is impossible due to the dependen&eoofM. manner so that the correct species of monomer is chosen preferentially
WhenM increases, the number of sequences increases exponentialty move into an active site.” Such a selection or preferential choice is
and the number of bonds increases even faster. The probaBility ,nnatural. An enzyme cannot choose the “correct” species and the
depends on both the sequences and the bonds to be catalyzed. It igyive site because they are undefined before the effect of the mutant on
therefore, a product of two elementary probabilities. Betbe the  he cell has been tested. Catalysis is a physicochemical phenomenon,
probability that a polymer is a catalyst, without specifying which re- girected by intermolecular forces rather than by subsequent properties
action it catalyzes. TheR' is a small number within the range<0 P’ of the finished product. In summary, Dyson’s emphasis on the role of
< 1. Next, letP” be the probability that a catalyst catalyzes a particular primitive metabolism, homeostasis, diversity, flexibility, error toler-

reaction. Then, according to the modelis precisely 1/ ~2)- 2"*"]  4nce and the like is well taken, but such properties can evolve only
because allN ~ 2)-2"** bonds have the same probability to be hrough natural selection.

synthesized, and the catalyst catalyzes only one of them. Consequently,
the probability that a particular polymer catalyzes a particular reaction
is
Appendix C: Autocatalysis and Natural Selection

P=P-P" = PI[M-2)-2"" < 1/[(M-2)-2"1] (A1)

The purpose of this appendix is to show by a simple mathematical
model that a single autocatalyst can reach a steady state, while two
autocatalysts cannot reach a steady state simultaneously, and are there-
fore subjected to natural selection.

Consider, first, a single reactaRtwhich is catalyzed by a single
autocatalysA, producing replicas of\, such that one molecule & is
catalyzed by one molecule éfto produce another molecule Af Let
which formally approacheB > e * with increasingM, but in fact it is the time-dependent concentrations be denote&(tyand A(t) moles
very close to 1 becaud® is much smaller than 1. Kauffman's error per liter, respectivelyA replicates at a second-order rateod®A and
was to increasd at constanP. He presented in Table 7.1 (p. 310) a decomposes at a first order r@88, andR is supplied from a source at
“Stringent Criterion for a [Reflexively] Autocatalytic Set Using Only a constant rate. The corresponding kinetic equations are
Ligation and Cleavage Reactions.” To meet this criterion, he clfose
= €8<0.001, which is far below the lower limit given by (A2). Thus,
the derivation of reflexively autocatalytic sets collapses, carrying with A=(aR - B)A 1)

Inserting equation (Al) in Kauffman’'s equation (7.6), we obtain a
lower limit for P

P = exp[ P’ - (M - 1)/(M — 2)] > exp[-M - 1)/(M - 2)] (A2)



R=s-aAR )

In a steady state, botR andA, as well as their higher derivatives, all
vanish. The steady-state concentratiB@ndA are then determined by
aRA = BA = s, namely,

R = Bla A = slaR = sB 3)

Consider now two autocatalystd, and A,, competing forR. The
kinetic equations are now

A = (R - BYA, )

Az = (2R - BA; (%)

R=s - wAR- a,AR (6)

In a steady stateR, A1 andAz, as well as their higher derivatives, all
vanish. However, they cannot vanish simultaneously while the two
autocatalysts coexist, namely, as longfgs 0 andA, > 0, unlesR =
B,/a; = Bylay, Which is an exceptional case. In general, the system
may reach a steady state only if one of the catalystsAsayanishes,
while the other oneA,, remains. It then reaches a steady state accord-
ing to the previous case.

Thus, in the steady state

R=BJo; A =sl,R=35B, A, =0 @)

In conclusion, two autocatalysts that compete for a common reactant
cannot coexist in the steady state. One becomes extinct while the other
is selected to survive.



