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In addition to the visible complexit y expressed in the morphogenesis of multicellular
organisms, two levels of microscopic complexit y may be discerned within every living cell.
The �rst level is related to covalently bonded structures, namely molecules. The second
level has to do with the generation of non-covalent molecular assemblies. Origin of life
research has largely focused on the �rst complexit y level, i.e. the appearance of covalent
biop olymers. We present a life emergencescenario basedmainly on the secondcomplexit y
level. We argue that homeostatic molecular ensembles, for which we have coined the term
\mesobiotic," have assumed a half-w ay position between prebiotic organic synthesis and
full-
edged cellular (biotic) life.

Keywor ds: Mesobiotic; origin of life; metabolism �rst; chemical complexit y; ensemble
complexit y.

1. The Complexit y of Life

Individual molecule complexity. Becauseof the peculiarities of carbon chemistry,
organic moleculesare composedof atoms in con�gurations that span a vast range
of sizes.The simpler oneshave only about a dozenatoms, for instance, the amino
acid alanine. More elaborate moleculescontain 100{200 atoms, as exempli�ed by
peptides, phospholipids or oligosaccharides. Next are proteins and RNAs, with a
few thousand atoms. Heading the list are chromosomes,containing single DNA
moleculeswith millions or even billions of atoms.
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Such molecular complexity is the most obvious chemical attribute of life. It has
been the subject of nearly two centuries of biological chemistry research. By now,
chemical bond con�gurations are known for practically all the moleculesin living
cells, and there is also an accurate three-dimensional structure for thousands of
them. The most celebrated achievement of the previous century in this respect is
the elucidation of the exact molecular con�guration | the DNA sequence| of a
large number of chromosomes,constituting entire genomes[37, 77].

But it is important to note that this �rst level of complexity is also abundantly
present in the inanimate world. Interstellar dust particles [43] and carbonaceous
meteorites [12, 57] have been shown to contain hundreds of organic substances.
Prebiotic experimental simulations of electric sparksand mineral surfacechemistry
have shown evidencefor the formation of numerous organic compounds [47, 79].
All the above appear to also contain relatively large \tar-lik e" organic polymers
[45, 48]. In fact, the word \organic," often used in this context, is judged by some
to be misleading. Simply interpreted, it means\deriv ed from life," but ever since
W•ohler's synthesis of urea [33] it is no longer taken to mean \present only in life."
Thus, molecular complexity, as manifested in the chemistry of carbon, hydrogen,
nitrogen, oxygen,phosphorousand sulfur (CHNOPS) may be considereda universal
phenomenon,not restricted to living cells.

One relevant property of large moleculesis combinatorial complexity. This term
usually implies that if one examines molecules belonging to a given class, say
hexapeptides, there exists a very large set of analogous structures, obtained as
di�eren t combinations of the sameor similar building blocks. In this example, if
only the 20 natural L-amino acids are allowed, there are 206 = 64;000;000 di�eren t
possiblehexapeptides. If additional amino acid typesare considered,such as could
well have been present under prebiotic conditions, the numbers grow far larger,
increasingas X 6, where X is the number of di�eren t amino acid types.

Molecular ensemblecomplexity. Living cells are collections of organic substances.
Their constituent moleculesare held together by a variety of non-covalent forces.
Theseinclude hydrophobic interactions that accretelipids in biological membranes,
hydrogen bonds with which DNA strands adhere to each other and dipole and
ionic interactions that stabilize the quaternary structure of multi-subunit pro-
teins. Non-covalent interactions make the emergenceof structures much larger than
even the largest of moleculespossible, hencegeneratea new level of complexity.
Even the simplest living cell is a \coalition" of thousands of di�eren t types of
molecules, mostly attached to each other by variations on the \lo ck and key"
theme [41].

In the �nal account, many of the properties of a living entities may be regarded
asstemming from the cell's molecular composition, i.e. which moleculesare present
within it and in how many copies.The more elaborate properties often arise from
speci�c interactions among such moleculesto form supramolecularstructures such
as rib osomes,chromosomes,membranes, centrioles and enzyme complexes.Thus,
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the secondlevel of complexity in living organismsresidesin bringing together in a
rather orderly manner ensembles of organic molecules,large and small. The con-
�guration of such assemblies may be regardedas the most unique aspect of life.

Forming clumps of organic molecules is of course rather trivial. What dis-
tinguishes life is the generation of many similar copies of such assemblies, with
well-de�ned, idiosyncratic, molecular composition. This idiosyncrasy residesin the
counts of molecular types present, and even more signi�can tly , in those types
that are not present. Life entails a \reduction of possibilities," whereby only a
minute subset of all possible covalent structures is actually present within any
living cell [66].

It is here that combinatorial chemistry and ensemble complexity interrelate.
A living cell is built in such a way that only very few members of any relevant
combinatorial repertoire are actually present. This is true all acrossthe spectrum,
from the level of monomers (sugars, lipids, amino acids, nitrogen bases),all the
way to biopolymers. Usually, when pondering a cell's protein inventory, one tends
to focus on the molecular complexity of each individual polypeptide. But what is
more awe-inspiring is that cells are equipped with kinetic bias mechanisms,which
account for the fact that only a very small subsetof all the possiblestrings of amino
acids in the appropriate range of sizesand compositions are present in them. For
every protein that is present, there is an astronomically large number of amino
acid strings that is absent. Thus, a crucial facet of cellular ensemble complexity is
manifested in idiosyncratic chemical composition.

Prebiotic complexity. Several generationsof origin-of-life scientists have investigated
possiblemechanismsby which complexity of the �rst kind hasemerged.They have
asked about pathways for prebiotic synthesis of amino acids and nucleotides, and
studied the means by which such monomers could assemble into longer covalent
polymers, RNA and proteins, as a preamble for life's emergence.It is still widely
assumedthat if we understood how such individual moleculesformed, an under-
standing of life's origin would readily follow. The RNA world view is so strongly
rooted, that even when discussingpre-RNA scenarios,these are usually taken to
imply just di�eren t chemistries of RNA-lik e polymers [17, 39].

A dissenting view, expounded in the present paper, is that the processeslead-
ing to life would be much better understood if ensemble complexity were given a
more thorough consideration. The moleculesthat harbor this level of complexity
may themselvesbe relatively simple. They must be able to accrete together spon-
taneously, even from dilute \soup" solutions, to form assemblies, whosedynamic
behavior manifests life-lik e attributes. In the last few years, several researchers,
including our own group, have demonstrated the validit y of this approach. It was
shown that some non-covalent assemblies are capable of propagating their com-
positional complexity, or compositional information, without the involvement of
long biopolymers such as RNAs or protein enzymes([64], seebelow). Accordingly,
\pre-RNA" is taken to imply chemistries totally di�eren t from that of RNA.
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This unorthodox view encounters considerableopposition, based,amongothers,
on the notion that no life is possiblewithout biopolymers (seefor example[39, 43]).
A general responseto this criticism might be that if one wishesto understand the
seemingly intractable processthat led from inanimate chemistry to cellular life, it
is necessaryto keep one's mind open to the possibility that early life forms may
have utilized functional components very di�eren t from those of their present day
counterparts. An extreme form of such proposition is that life beganwith inorganic
clays [8]. Here, we subscribe to the more conservative notion that life has emerged
basedon organic compounds. A rede�nition of terms may be helpful for discussing
the possibility of life without biopolymers.

De�ning mesobioticentities. Perhapsthe most crucial issuefor discussingprebiotic
evolution is embodied in the following paradox. When studying early events in the
emergenceof life, one is forced to discussa transition from what is unanimously
de�ned as inanimate, to entities that practically all researchers will consideralive,
e.g. a primitiv e bacterium. But, becauseof the broad agreement that living en-
tities could not have emergedwithout selection and evolution, and becausemost
researcherswould considerevolution an attribute of life, the term \prebiotic evolu-
tion" harbors an intrinsic inconsistency.

It would therefore be helpful to regard life's emergenceas a graded seriesof
steps rather than as an abrupt transition (Fig. 1). In the de�nition favored here,
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Fig. 1. Tw o conceptual views of the origin of life. In the �rst (gray line) a relativ ely abrupt
transition is depicted where upon the appearanceof RNA, entities begin to be considered aliv e. The
second (black line) holds that the processwhich led from inanimate to living was a long and very
graded one. The departure from baseline indicates a capacity to store and propagate information,
which in the �rst period may have occurred without the involvement of templating RNA-lik e
biop olymers. The time axis is provided for illustration only. But it highligh ts the idea that a
graded origin might have taken hundreds of millions of years, rendering some of the arguments
about the exact dating of the �rst cellular life more intractable.
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\prebiotic" would relate to organic molecules,even with high covalent complexity,
generated by inanimate chemical processes.It is customary to reserve the term
\biotic" to cells that contains elements of the standard life machinery, i.e. RNA-lik e
and/or protein-lik emolecules.To deal with the gradedtransition betweenthesetwo
dichotomous states, it would be useful to employ a new term, mesobiotic entities,
to describe intermediate stages.This is alsosuitable becauseit relatesto the notion
that the early molecular assemblies belongedto the realm of mesoscopicentities,
on the border betweenthe microscopicand macroscopic[24, 42, 53].

A mesobiotic entit y is envisioned as being endowed with both molecular and
ensemble complexity. It should be capable of rudimentary catalysis, as well as of
information storageand transfer, but still lack many of the standard components of
living cells. In particular, mesobiotic entities may be thought to be largely devoid
of long catalytic or informational biopolymers. The de�nition of such entities, half
way along the transition from inanimate to living, is analogousto someextent to
previously usedde�nitions, e.g. that of protocells [51], and is expected to generate
a well-de�ned arena for discussingthe mechanismsof the origin of life.

2. Random Chemistry and Life's Emergence

Planetary random chemistry. Prebiotic earth hasprobably seena plethora of chem-
ical processeswhich occurred randomly, with relatively few speci�c guiding princi-
ples.Kinetic and thermodynamic parametershave surely resulted in biasestowards
certain molecular structures. External agents such as mineral catalysts could also
exert their biasing action [82]. But if one considersthe realm of random chemistry,
where millions or billions of compounds may form by alternativ e arrangements
of relatively few typesof building blocks, such di�eren tiating parameterscould not
play a decisive role. By and large, it may be assumedthat early terrestrial chemistry
displayed a very large diversity of chemical compounds.

A major question related to mesobiotic evolution is where, along the time axis,
entities appeared which manifested increasing degreesof deviation from random-
ness.This emergenceprocessis at the heart of the unsolved question of life's begin-
ning. We proposethat this emergenceoccurred mainly along the lines of generation
of assemblies(complexity of the secondkind), and that it may be possibleto look for
relevant guidancein the realm of cellular network analysis, and in systemsbiology
[34]. This is in contrast to the prevailing trend which centers on the �eld of organic
chemistry and the rules of formation of organic polymers (complexity of the �rst
kind). In our view, covalent organic chemistry provides the building blocks, which
then crossthe elusive boundary betweeninanimate and living, basedon complexity
of molecular assemblies.

Metabolism �rst. The notion that the crux of life's emergencerests in molecular
ensembles rather than in the properties of individual moleculesis not really new.
In fact, the very �rst systematic scienti�c endeavor in this domain, by Alexander
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Oparin [55, 56], related to molecular ensembles (coacervates). Later, proponents of
related views preached a \metab olism �rst" scenario[2, 16, 18, 30]. They argued
that metabolic networks may get establishedthrough the appearanceof numerous
molecular species,which get formed from each other and from \fo odstu� " precur-
sors. This happens in a similar way to how dozensof compounds are generated
by molecular interconversions in a cellular pathway, such as glycolysis. Speci�c
chemistries have also been invoked to support this notion, for example molecules
akin to those found in the citric acid cycle [52], stemming from thioester chemistry
[10], or related to thosethat form by the catalytic and energeticimpact of the sulfur
iron mineral, pyrite [78]. Proponents of the metabolism �rst view were, however,
disadvantaged by the question of how information could be stored and propagated
along generationsin a system composedonly of low molecular weight metabolites.

Important progressin this domain was made through the idea that replication
could, after all, be embodied in a metabolic cycle [49, 50]. A careful examination
of the citric acid cycle reveals that in going around a full circle of biosynthetic
reactions, one begins with a single copy of a molecule like citric acid, and ends
up with two copies.The secondcopy gets synthesized in a way that involves the
reaction of inorganic precursorswith intermediatesin the circle. Thus, conceptually,
the metabolic pathway may be viewed as capableof making more copiesof itself.
A more generalconceptual view in this vein was made by invoking a large network
of interactions that results in a self-reproduction behavior [16, 31, 66], asdescribed
below.

In the metabolism �rst models, genetic information is assumedto be formed as
a result of metabolic reactions. In other words, the diversereactions of metabolism
lead to the synthesis of informational biopolymers | RNA and DNA. Proponents
of this alternativ e view to the RNA world do not negatethe central role that RNA-
type moleculesmay have played. But, they dismiss the notion that an abiotic set
of reactions could have led directly to a full-
edged self-templating polymer. This
argument is partially a semantic one, since all agreethat chemistry had to gener-
ate the monomers necessaryfor information-storing polymers, and that catalytic
events of the type found in metabolism were also neededfor polymerization. The
argument's core is whether the events preceding the �rst RNA moleculewere just
a set of inanimate reactions, perhapsdriven by external mineral catalysts, or were
reactionstaking placewithin an entit y describableashaving attributes of life. Here,
again, the proposedterminology becomesuseful: organic synthesis may be de�ned
as prebiotic, rudimentary proto-metabolism as mesobiotic, and RNA-containing
entities as biotic.

Replication and metabolism. Practically all students of life's emergenceagreethat
an entit y can be consideredto havecrossedthe line betweeninanimate and living, if
it is capableof self replication and of undergoingnatural selection.The incredulit y
with which the idea of metabolism �rst is often viewed by proponents of RNA
world relates to disbelief in a metabolic system's capacity to store and propagate
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information. In other words,many cannot imaginehow a \nak edmetabolism" could
transfer usefulproperties from onegenerationto another [38]. In a conceptualframe-
work governedby modern cell biology, any information transfer mechanism inferior
to base-pairtemplating is consideredimplausible. Yet, we believe that transcending
this dogma is essential for any progressin the quest for life's beginning.

There is thus a sore need to invoke a mesobiotic mechanism for information
storage and transfer, independent of polymer strings whose sequenceconstitutes
the biologically relevant information. One has to carefully de�ne information in a
more generalway than related to a sequenceof symbols or monomers.This is done
in Sec.5 below.

3. The Chic ken-and-Egg Riddle

Chicken and egg. Numerous researchers have pointed out the inherent paradox of
the origin of life: metabolism cannot form without genetic material and vice versa.
This paradox is accentuated if one adheresto the idea that life must have begun
with one \pure" type of entit y, either catalysts capable of performing metabolic
tasks, or polymeric replicators that can store and copy information. In present-day
life, thesetwo categoriesare irrevocably intert wined. No information-storing nucleic
acidscanperform eventhe most rudimentary selfreplication and coding without the
help of protein catalysts, but no new copiesof a protein may be madeunlesscoded
for by a nucleic acid. Why, then, should one insist on the dichotomous separation
of metabolism and templating at the very early stagesof life's emergence?Could
there not have been a mesobiotic entit y embodying primitiv e attributes of both?
This idea has beenexplored by FreemanDyson [16], although through most of his
book he favors an alternativ e, dual origin scenario.

A lipid world. One of the innovative conceptsdeveloped recently in the origin of life
communit y is that lipids may have played a key role in early evolution [11, 44, 63].
To many readers, the term \lipids" signi�es rather dull moleculesthat make up
cellular membranes.However, if one views lipid chemistry in a more open-minded
way, a di�eren t picture may emerge.In this broader perspective, any moleculewith
oneor more of a hydrophobic tail and a hydrophilic headis a lipid. Early lipids may
have possesseda diversity of head groups, including an imidazole group or other
functionalities that could perform catalytic functions. Indeed,catalytic capacitiesof
lipids and other amphiphiles hasbeendemonstratedexperimentally [1, 7]. Catalytic
lipid assemblies or \lip ozymes" may participate in primitiv e metabolic networks
[63]. Thus, lipids may have played a triple role, as catalysts, information carriers
and also as compartment-forming molecules.It is however di�cult to imagine how
lipid assemblieswould generateprogeny. The answer is provided below. But in order
to prepare for this, someadditional clari�cations of terminology are needed.

Replication and reproduction. In population biology and ecology, the term
\repro duction" is often used to signify growth of a population due to a process
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in which individual members generateprogeny. An argument has beenmade that
when speaking about an assembly of molecules\repro duction" should be used in
lieu of \replication" [6]. The latter, it was stated, should only be used to address
to a processin which a single molecule makes a copy of itself in an autocatalytic
or template related fashion. Yet, it is generally consideredlegitimate to use the
word \replication" for a bacterial cell [23]. We would like to contend that if an
entire molecular ensemble is the referenceentit y, the ensemble may be described as
undergoing replication in analogy to an entire complex bacterium. This is provided
that a processis envisioned in which, as for bacteria, an entire ensemble undergoes
a complex sequenceof steps that result in the generation of its replica.

Nominal portr ayal of cell division. Basedon the Central Dogmaof biology, a typical
text would describe cell division by the following sequenceof events:

(i) DNA moleculesundergo replication by a templating mechanism;
(ii) RNA moleculesare generatedby another template-basedmechanism | tran-

scription;
(iii) Ribosomesmake additional copiesof all proteins;
(iv) Self assembly processesallow for production of new copiesof organelles,such

as rib osomesand mitochondria;
(v) Protein-catalyzed metabolism synthesizesmore of all the low molecular weight

components, such as sugars,lipids, amino acids and nucleotides;
(vi) When the counts of all cellular components have doubled, thus increasingthe

cell's volume by a factor of two without appreciablechangein concentrations,
�ssion generatestwo similar daughter cells.

It may be readily realized that steps(i){(v) describe a set of highly speci�c mech-
anisms found in present day cells. In contrast, step (vi) is very general, and
summarizes, in a mechanism-independent fashion, the processof replication of a
non-covalent molecular assembly, be it a bacterium or a coacervate. A crucial aspect
of the models we have developed is an attempt to discern step (vi), without being
biasedby any of the details of steps(i){(v). The crucial relevant question is how a
mesobioticentit y much more primitiv e than today's cellular life, e.g.an aggregated
molecular ensemble, may undergoa rough doubling of the amount of each and every
one of its constituents. This is equivalent to asking what speci�c chemically-based
mechanismscould lead to homeostatic growth. Of courseearly assemblies could not
achieve the concerted processesprevailing in cells today, including exact doubling
of the DNA molecule,but they might crudely obey similar principles.

4. Mutually Catalytic Assem blies

Thermodynamic idiosyncrasy. For an assembly of moleculesto generate\more of
itself," a set of mutual interactions must prevail within it. Consider a non-covalent
molecular assembly in which NE typesof moleculesare represented with different
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counts n i . This idiosyncratic sub-repertoire is drawn from a larger repertoire of
NG types,all present in the external environment. For homeostatic growth to pre-
vail within an assembly, it must preferentially absorb in the right ratios molecules
belonging to its sub-repertoire, and largely reject other molecular types. Certain
moleculesmay also be synthesized by covalent bond formation within the assem-
bly, contributing to its idiosyncratic composition as comparedto the environment.
But, for simplicit y of argument, and without lossof generality, we consider in this
section only joining and leaving reactions. The question at hand is what general
physicochemical mechanism would a�ord biased joining.

The simplest model is thermodynamically-based, drawn from the conceptual
world of self-assemblyreactions. Ribosomesand bacteriophagesare known to be
formed as highly de�ned and idiosyncratic molecular assemblies by absorbing
certain molecular speciesfrom the environment. This processis guided by stereo-
speci�c molecular recognition events among the components, driven by thermo-
dynamic free energy gradients. A similar mechanism may lead to the formation of
complex supramolecularstructures from a unique subsetof organic molecules[40].
Any crystallization processalso belongsin the samerealm.

A similar type of self assembly could alsooccur in more dynamic, lessorganized
soft-matter systems[61]. A well-known example is the formation of rafts and cave-
olae within lipid bilayers, whereby certain lipid types segregatein one domain of
a two-dimensionalstructure, and other typesare excluded,but are found in other
domains[32]. Basedon the sameprinciples, it may be envisionedthat a lipid assem-
bly would preferentially absorbcertain molecular speciestypes,and undergohome-
ostatic growth, limited by external concentrations. Such forces may have indeed
contributed to prebiotic events. However, what is common to all of the phenomena
described hereis that they are governedby thermodynamics, and occur in a system
as it approacheschemical equilibrium.

The model described hereprovidesa complementary route, which harbors some
clear advantagesrelated to life's emergence.Life is a non-equilibrium phenomenon,
as a living cell is by no means the lowest energy state of its components. A cell
maintains its homeostasisor homeostaticgrowth through a vast network of catalytic
events that pertain to chemical reactions far from equilibrium. This is attained
with the help of an external free energy supply, through the absorption of high-
energy moleculesor via the exploitation of light energy. It would be highly useful
to explorea model for homeostasisin simpler molecular assemblies,basedon similar
principles.

Kinetic homeostasis.The generalconceptson which kinetic homeostasisand home-
ostatic growth are based have been delineated by previous authors. They relate
to the notion of mutually catalytic sets [2, 16, 18, 20, 30]. In this context, an as-
sembly of moleculesis envisioned, whereby each member can potentially catalyze
the formation of one or more of the other molecule types in the same assembly.
Thesemoleculescould be peptides of di�eren t lengths [31], but the speci�c nature
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of the moleculesis unimportant. A system governed by mutual catalysis must, by
de�nition, largely resideaway from equilibrium.

One conceptualhurdle to accepting the notion of mutually catalytic setsis that
the assumption of pervasive catalysis is required. In present day living cells, cat-
alytic e�ects are always associated with macromolecules,proteins and RNAs. This
is becausea modern cell depends on highly e�cien t and speci�c catalysts, with a
de�ned three-dimensionalstructure and a well-orchestratedmultiple-contact active-
site con�guration. The price paid is the needfor an elaborate mechanism | tran-
scription and translation | that ensuresthe capacity to generatesuch polymeric
catalysts. However, when the early rudiments of life appeared,it is likely that much
weaker and non-speci�c catalysts were su�cien t.

In principle, catalysis is a graded phenomenon. Every uncatalyzed chemical
reaction has a basal rate, dictated by its free energy of activation. A decrement of
this freeenergybarrier is normally consideredascatalysis.While typical biopolymer
enzymesinduce rate enhancements ranging from 1,000to more than 1,000,000fold,
smaller moleculesmay exert more modest rate increases,as low as � 1.1, perhaps
topping at � 100. There is a broad literature on such weak catalysts, sometime
called enzymemimetic compounds. These include individual amino acids such as
histidine [73] and other amino acids [35], small peptides [4, 62, 76], lipids [19],
carbohydrates [9, 75, 76], organic metal chelates [27] and many more. Thus, there
should be no reasonto reject the notion that within an arbitrary set of molecules,
somecatalytic e�ects would exist. The strength of the mutually catalytic network
will of coursedepend on the exact selectionof the components. Somesetswill show
a much tighter catalytic network, others a rather looseone.

One approach to assessingthe strength of mutual catalysis is basedon de�n-
ing a catalytic threshold. In this view, when examining pairwise catalytic interac-
tions within a molecular set, a dichotomous probabilit y distribution is envisioned,
whereby each pair is classi�ed aseither catalytic (with a probabilit y p) or not (with
a probabilit y 1 � p) [31]. A central result of these studies is that for a de�ned
value of p, there is a repertoire size NG beyond which every molecule is catalyti-
cally related to at least one other, a state de�ned as catalytic closure [30, 31, 46].
A more general formulation proposed by us invokes a continuous distribution of
rate enhancement values, whereby di�eren t catalytic strengths � , large or small,
are described by a probabilit y P(� ) [36, 64, 66]. In this formalism every mole-
cular assembly is catalytically closed, but the e�ectiv enessof closure may vary
widely.

Whatever model is preferred, the conceptual outcome is highly important.
Simulated chemical kinetic behavior of such systems demonstrates the potential
existenceof molecular assemblies which undergo dynamic exchangeof matter with
the environment, are energy-dependent, grow homeostatically, and have a potential
to generateprogeny [64, 69]. Thesesystemsharbor a capacity for kinetic homeosta-
sis. They may assumestationary statesfar from equilibrium and display properties,
similar, in a rudimentary way, to those of present-day living cells.
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5. Comp ositional Information

Sequence versus composition. In the previous sectionswe alluded to the question
of what kind of information could be propagated in an early molecular assembly,
devoid of long biopolymers. The notion of sequence-basedbiological information is
so deeply rooted that it is di�cult to conceive an alternativ e. Yet, any proponent
of a \metab olism �rst" scenario is obliged to come up with an alternativ e de�ni-
tion for information. To this end, we have developed the concept of compositional
information [64, 69] (Fig. 2).

Both sequential and compositional information relate to manipulations car-
ried out with a repertoire of monomers.In the caseof sequential information, the
monomersare threaded into strings, and the exact order matters. Of course,poly-
meric strings also have compositional information (e.g. amino acid compositions
of proteins), but this type of information is rightly consideredinferior. Notably,
though, all the proteins in a large genomemay be uniquely identi�ed solely by
specifying their amino acid composition [81].

For compositional information, only the tally of di�eren t molecular speciesis
considered.To realize intuitiv ely that compositions may carry a signi�can t amount
of information, considerthe following example.A protein composedof a string of 20
di�eren t monomersand having a length of 23 can be constructed in 2023 di�eren t
ways, hencehaslog2(2023) � 100bits of information, asde�ned by Shannon[80]. A
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Fig. 2. Non-covalent assemblies have compositional information, as de�ned in this �gure. The
counts of di�eren t molecular kinds in the assembly constitute the compositional vector n . In this
schematic representation of an assembly, the component correspondent to the count of \gra y"
molecular components is highligh ted in the bottom left corner of the �gure. The similarit y mea-
sure H between di�eren t assemblies in composition space, which can be computed using their
composition vectors, can serve as an indicator of homeostatic preservation along GARD assembly
growth and evolution.
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compositional assembly that contains between1 and 20 copiesof each of 23 types
of monomershas exactly the sameinformation content, becauseit is represented
by a 23-long compositional vector n (seeFig. 2), with each component assuming
values between 1 and 20. The price paid is that such an assembly has to contain,
on average,230 monomers, as opposed to only 23 for a sequential polymer. But
this is not a vast di�erence in size.A more generalillustration of such relationships
for di�eren t entities containing 100 bits of information is shown in Fig. 3. It is
clearly seenthat for small NG values, the compositional assemblies required are
much larger than the polymer that carries an equivalent amount of information.
But when NG grows and reaches a still reasonablerange of a few thousands, the
required sizesbecomeasymptotically similar.

Maintaining compositional information . Just as templating is an ideal mechanism
for propagating sequential information, mutual catalysis is well suited to propagate
compositional information. In the caseof a molecular assembly, as for a living cell,
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the �rst step in generating compositional progeny is doubling the counts of all
molecules.It is easyto realize that such an objective is entirely equivalent to a two
fold homeostatic growth. This is becauseif all concentrations ci = n i =V should
remain unchanged when the volume V grows two-fold, the molecular counts n i

also have to increaseby the samefactor. A major claim of the work done in our
laboratory is that mutually catalytic networks may undergo homeostatic growth
[65, 67, 68]. The formal description of such behavior is brie
y provided in the next
section.

6. Propagating Comp ositional Information

The GARD model. The Graded Auto catalysis Replication Domain (GARD) model
(Fig. 4) is sonamedbecauseit describesa behavior of a spatial domain constituting
a molecularassembly. Moleculesin the assembly manifestmutual catalysis,resulting

b�0
�

�

�

0
S

r � � S b�0
0/ 1

�

Fig. 4. GARD: the Graded Auto catalysis Replication Domain mo del . The model is
based on computer simulations of faithful chemical behavior. It is thus distinct from Arti�cial
Life approaches [5]. The model has been described in detail in several published papers [64,
67{69]. It involves a stochastic chemistry simulation based on a set of di�eren tial equations as
shown. The main reaction step, in the simplest amphiphile GARD formulation, is the transfer of
an amphiphilic molecule A i between the environmen t and an assembly (straigh t arrows). A key
aspect in reaching a kinetic homeostasis is the dependence of the reaction rates on the current
composition of the assembly. Here, k f and kb are forward and backward basal rate constants, � i

are exernal concentrations of the di�eren t chemical species. The matrix � ij signi�es the mutual
rate enhancement parameters for the catalysis exerted by species A j on the joining and leaving
reactions of A i (curv ed arrow). The � matrix elements are drawn from a probabilit y distribution
generated through the Receptor A�nit y Distribution model [36, 59].
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in a global self-propagatingbehavior of the entire assembly, in a way reminiscent of
autocatalysis.Under a certain setof constraints, this behavior resemblesreplication.
Graded behavior enters in two di�eren t ways:

(i) Rate enhancement valuesrelated to mutual catalysis assumegraded values;
(ii) Replication is graded both in its extent and its �delit y, becauseit is basedon

two graded variables, sizeand composition.

In its simplest embodiment, GARD is usedto simulate the behavior of molecules
that join and leave, and undergo only non-covalent reactions with other molecules
[64, 65, 69]. In this embodiment no biosynthesis takes place, the only compounds
present within the assembly are those supplied from the outside (complete hetero-
trophy). The free energy source that \fuels" such a \joining GARD" is the neg-
ative free energy gradient for lipid-lik e moleculestransferred from an unfavorable
aqueousmedium to the inside of an amphiphilic micelle (Fig. 4). Mutual catalysis
events occur on thesedownhill reactions, in ways analogousto catalyzedamphiphile

ipping within membranes [13, 25] or to lipid-catalyzed ligand-receptor interac-
tions [60]. It should be stressed,however, that the formalism explored here is not
restricted to lipid micelles or vesicles,and is applicable also to other modes of
molecular enclosures.One such exampleis aerosoldroplets that constitute inverted
micelles with aqueousenclosure[14, 15]. Unequal �ssion may be favored in such
systems,a constraint which may be adapted by the GARD model (T. Shay and
B. Shenhav, unpublished results).

GARD's time dependence. At time t, a GARD assembly contains a sub-repertoire
of NE molecule types out of a total repertoire of NG di�eren t types. The GARD
kinetic equations(Fig. 4) describea processthat resemblesreplicator dynamics[74].
Their solution signify the time-dependent tra jectory of the composition vector n(t)
in NG dimensionalspace.The moleculespresent at a given time point are described
by positive integer components in the compositional vector, while those absent are
represented by zeros. This time tra jectory is far from random, and depends on
the mutual catalytic interaction parameters (de�ned by a matrix � ij ), on initial
conditions and on statistical noise. The latter is related to the fact that small
assemblies of discrete moleculesare considered.This non-trivial behavior lasts as
long as the assembly is away from equilibrium. At t = 1 equilibrium sets in, and
in a simpli�ed casein which all moleculesare thermodynamically equivalent, n(t)
of the assembly will re
ect the composition of the external milieu.

A much more interesting, non-trivial behavior, obtains when a GARD assembly
is maintained in perpetuit y away from equilibrium. This is achieved by adding a
representation of an external freeenergysourceto the simulation. Curiously, what is
neededis destructiveenergy, i.e. the occasionaldisruption of the assembly [64]. One
possibleroute for this is assembly splitting, e.g.�ssion. This simulated processwould
mimic natural ones,which occur when micelles grow beyond a certain limit. The
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relevant physical forcescould be turbulence, temperature changes,surfacetension
and the like. The argument for the high probabilit y of �ssion can be reformulated
as a statement that under primitiv e earth conditions the chancesof a molecular
assembly to grow and never split are small.

Bequeathing compositional information. Rewardingly, the splitting assumptionalso
servesto give the GARD model a capacity to emulate inheritance. If a perfect equal
split occurs after perfect homeostatic growth, the two progeny assemblies will be
identical. This might never happen in reality. Even in the incredibly orchestrated
modern cell division, DNA miscopying and inequality of sharing of large molecules
and organellesbetweenprogeny cellsoften occur. This imperfection may be delete-
rious in which casea daughter assembly might lose its mutually catalytic network
and perish.

On the other hand, just as in the caseof present-day cells, certain mutation-lik e
compositional changes,resulting from imperfections of growth and �ssion, might
actually be advantageous.For example,a more e�ectiv e mutually catalytic network
may be establishedthrough the fortuitous entry of a compound Ax not previously
included in the assembly [68]. If this network is more e�cien t than the previous
one, then it will now begin to acquire Ax from the environment, and the newly
established composition will be propagated along many growth-split cycles. This
amounts to a mutation being passedalong to future generations.A similar instance
of how one or very few moleculesin a mutually catalytic set may determine the
fate of an entire assembly, thus serving the rule of \genetic information" has been
described [29]. The complex dynamics displayed by the GARD model (Fig. 5) is a
result of this classof phenomena.

We have developed a simple formulation for assessingthe successof progeny
generation.A compositional similarit y measureH , computed asa normalized scalar
product of two compositional vectors, assistsin this computation. It is possibleto
quantify accurately the similarit y of two progeny assemblies to each other, and to
the parent assembly. The dark squaresin the autocorrelation diagram (\GARD
carpet," Fig. 5), signify time periods during which, despite repeated growth and
splitting events, compositional vectors for di�eren t time points remain clustered in
NG -dimensionalspace.In other words, the assembly undergoesconsecutive periods
of homeostatic growth.

Had di�eren t runs of the program (with di�eren t catalytic parameters) always
resulted in just one large dark square, this would indicate successof assembly
replication, but lack of any evolution-t ype change. In fact, only a few casesshow
such a \b oring" behavior. In someof thesethe randomly sampledmutual catalysis
matrix happensto havea singlerelatively largevalue on its diagonal, signifying that
one of the NG substancesis a strong autocatalyst that dominates the dynamics of
the GARD assembly. Yet, mesobiotic phenomenabecome signi�can t when they
involve ensemble complexity. Thus, a GARD composedof single autocatalyst must
be regardedas degenerate.
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Importantly , a majorit y of the simulations are not governed by a single auto-
catalyst, suggesting that under conditions of spontaneous formation, assemblies
would tend to display mutually catalytic behavior. A typical such caseis shown in
Fig. 5. In this dynamics, every sooften a homeostaticassembly givesway to a com-
pletely di�eren t one,which is alsohomeostatic.This is akin to multiple attractors, or
setpoints, or stationary states,observedin other dynamic systems[3, 18, 26,28, 74].
Becauseeach of thesestates is characterized by a di�eren t molecular composition,
we named them composomes[64]. The transitions betweencomposomeslikely arise
from the accumulation of changesthat occur due to imperfect mutual catalysis and
imperfect �ssion. In other words, one may discern here a intriguing analogy to the
way by which the accumulation of genomic mutations lead to speciation. In the
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Fig. 5. (a) GARD carp et .\Comp ositional correlation carpet" of a GARD system, as previously
described [64] with 100 di�eren t molecular species (N G = 100). The drawing depicts a time
correlation matrix, where both the ordinate and the abscissa represent the same time scale for
the evolution of a particular GARD assembly for 20,000 time steps (about 2,000 growth split
cycles). Each point in the two-dimensional graph is colored by its correlation measure, H (n t ; n t 0),
for the compositions at times t and t0 (cf. Fig. 2). The gray scale, signifying the range of H
values, is shown on the righ t. The matrix displays dark rectangles, representing quasi-stationary
compositions (composomes mark ed Ci on left) and abrupt phase transitions between them. The
parameters of the simulation as described in [64] are � t = 0:03, k f = 10� 2 , kb = 10� 4 , � = � 4,
� = 4, nTOT = 1000. The simulation was conducted on a Pentium I I I 800MHz processor using
MA TLAB version 5.3 (Math works, Natic k, MA), using a stochastic chemistry algorithm of Ref. 64
which is elaborated in Ref. 22.
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Fig. 5. (b) The sameas Fig. 5(a), with rows sorted according to their value at t = 20. This a�ords
a more facile visualization of the di�eren t composomes,as indicated on the left. This sorting was
also used to label the composomes from 1 to 6 in Fig. 5(a). It should be noted that the main
division is to three composomal types, C1, C5, C6, with the other three being respectively related
to them (C2 � C1 , C3 � C5 and C4 � C6). A thorough analysis of such relationships is underway
(B. Shenhav, R. Kafri and D. Lancet, submitted).

spirit of the continuit y principle, it should be also noted that the persistenceof
composomesassociated with faster growing setsof mutally catalytic moleculeshas
an interesting correspondencein the optimal growth performanceobserved in some
present-day unicellular organisms[70].

Compositional genomes. In a GARD assembly compositional information plays a
role analogousto that of sequenceinformation in present day DNA- or RNA-based
genomes.In thesemesobiotic entities, the samemoleculeswhosecounts constitute
a very primitiv e \comp ositional genome,"also play the role of constituent building
blocks, members of metabolic pathways and catalysts that make these reactions
more e�cien t. A conceptually similar reasoninghas beenexplored by invoking the
control by a molecular minorit y in a mutually catalytic replicating system [29].
We believe that division of labor betweengenome-speci�c molecules,catalysts and
compartment building blocks is the hallmark of modern (biotic) life. The riddle of
how such function-speci�c moleculeshave emerged,and why they are so strongly
inter-dependent, may be addressedby a scenarioin which, early on, each molecular
constituent contributed to someextent to all the above mentioned functions.
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A seminal thought experiment related to the function of GARD assemblies as
entities that harbor a compositional genomeis asfollows.Considera highly e�ectiv e
GARD, i.e. one that possessesa well-connected catalytic network for catalyzed
joining. The composition of such an assembly may be predicted using molecular
dynamics algorithms, or by measurements of amphiphile dynamics and pairwise
interactions in lipid bilayers. This micellar assembly is embedded in a medium
containing a large variety of amphiphiles, including all those present in the \seed"
assembly, and numerousothers. Our simulations show that the assembly will grow
by absorbingmainly the typesof moleculesalready present within it. Furthermore,
if agitation is employed, the growing assembly undergoesoccasional�ssion, and the
entire reaction volume will gradually be \infected" with more or lesssimilar copies
of the original assembly. Importantly , it is expectedthat the molecular composition
of the assemblies will be di�eren t from that of the external environment. All of
these attributes are highly reminiscent of the behavior of present-day free-living
microorganisms.

7. Conclusion: Life as an Emergen t Phenomenon

The true challenge of origin of life studies is to regard life as an emergent phe-
nomenon. One should not assumewhat is sought, but allow the laws of nature to
lead from what wasvery likely present in a prebiotic molecular mixture, to what is
minimally neededfor self-replication to take place. As dictated by Occam's razor,
high levelsof complexity of the �rst kind (covalent complexity) should be avoided, if
elements of much lower complexity of the secondkind (ensemble complexity) could
serve as substitute.

The GARD model provides a route for simulated sequential improvement and
consecutive addition of new model features.Such gradedchangesshould be capable
of delineating a smooth transition from a simple, ine�ectiv e assembly, capable
only of non-covalent exchange with the environment, to more and more complex
entities. The latter could gradually incorporate capacities such as making longer
and longer oligomers [71], processesakin to polymer folding and conformational
stabilit y, increasingly better catalysis and so on. Hence,the transfer of complexity
from secondto �rst kind could constitute a novel way of explaining the emergence
of biopolymers. Regarding compartmentalization, we plan to implement simulated
parameters that would lead from simple micelles to lipid vesicleswith an aqueous
core, including passive and active transport. The simulation can also be made
to include free energy input from chromophores that harvest light energy. All of
this diversity of function comesnaturally to a simulated heterogeneousmolecular
assembly, but not to simulated naked RNA replicators.

Time will tell whether the origin scenariodelineated here is nearer to the true
sequenceof events than alternativ e ones. But using simple rules of biophysical
chemistry, aswell the increasingpower of digital computers[72], it should be possi-
ble soon to �nd out how plausiblethis scenariois. The mutual catalysismechanisms



May 22, 2003 9:14 WSPC/169-ACS 00078

Molecular and Ensemble Complexity in Early Evolution 33

lend themselves to detailed scrutiny in terms of chemical kinetics simulations just
as well as someof the other scenarios[21, 54, 58, 83]. They also provide a platform
for computing probabilities and time scalesat a planetary level. This should allow
students of complexity and emergenceto contribute in new ways to the tackling of
one of the most important open questionsin science.
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