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Abstract. To develop a comprehensive ‘cells-first’ approach to the origin of life, we propose that
protocells form spontaneously and that the fission and fusion of these protocells drives the dynamics
of their evolution. The fitness criterion for this evolution is taken to be the the stability (conservation)
of domains in the protocellular membrane as determined by non-covalent molecular associations
between the amphiphiles of the membrane and a subset of the macromolecules in the protocell. In
the presence of a source of free energy the macromolecular content of the protocell (co-)evolves as
the result of (domain-dependent) membrane-catalysed polymerisation of the prebiotic constituents
delivered to the protocell by fusion. The metabolism of the cell therefore (co-)evolves on a rugged
fitness landscape. We indicate how domain evolution with the same fitness criterion can potentially
give rise to coding. Membrane domains may therefore provide the link between protocells and the
RNA/DNA-world.

1. Introduction

At what point in the evolution of life does the physical structure of precursor life-
forms first appear and play a role? Is it, as in the RNA-first approach, at a point
where the chemistry of replication is well advanced? Or is it, as in the ‘cells-first’
approach, at an earlier stage? And, if so, does the pre-cellular physical structure
have only a passive role, as in Oparin’s coercervate theory (Oparin, 1924), where
the ‘cell’ is a colloidal aggregation which serves simply to confine the chemical
evolution? Or, as Bernal (1949) and Needham (1968) were perhaps first to suggest,
is the spontaneous formation of physical structure crucial to the development of life?
The main argument in favour of a cells-first approach appears to be the efficiency of
selection operating on spatially distinct systems (Koch, 1985) compared with the
direct effect of selection on polymers in solution. Yet, whereas in the latter case the
evolution can be understood in terms of a well-developed theory of optimisation
on a fitness landscape (Kauffman, 1993), for the cells-first picture this remains
to be worked out. The point in evolution at which cells emerged is unlikely to
be determined by experiment. Therefore we must rely on theory to explain the
emergence of template-directed synthesis and replication together with the minimal
functionality of the cell. (To lift what Luisi (1993) calls the generous Darwinian
fog.) In this paper we present an initial attempt to delineate some features of a
possible theory.
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Several authors have considered the protocell as the starting point for the evo-
lution of life. Deamer (1986), for example, invokes lipid vesicles as the primitive
cell with diffusion into the cell and fission as the mechanisms of growth and evo-
lution. This approach has to overcome several problems. First, it is not at all clear
that lipids with sufficiently long fatty acid chains to form spontaneous structures
can be obtained pre-biotically (Ferris, 1987). However, Deamer and Pashly (1989)
argue that the amphiphilic components of the Murchison meteorite are surface-
forming (hence that this is not a problem in Nature). Second, at low concentrations
of lipids, micelle formation is preferred to that of vesicles. Perhaps this indicates
a ‘micellular period’, prior to that to be considered here, but in which evolution
would proceed in an analogous way. Alternatively, conditions of pH (via dissolved
CO2) or Ca++ concentration may favour the spontaneous assembly of vesicles.
Bachmanet al. (1992) start from a state in which the protocellular surfactant can
catalyse the reactions necessary for its own spontaneous assembly and growth. A
different approach is to take the first cellular ‘organisms’ to be proteinoid spheres
(Fox, 1965).

The cell membrane acts as a barrier to diffusion, thereby retaining reaction
products in the cell. But this implies that diffusion into the cell is also reduced. It
may therefore be that theexternalsurface of the protocell was the initial site of
metabolism (Cavalier-Smith, 1987) and hence growth. An alternative mechanism
of growth is through the fusion of vesicles (Baezaet al., 1994) which is what we
invoke here.

A central problem in early evolution is the source of free energy. The free-
energy requirements are much reduced if polymerisation reactions take place on
surfaces (Cairns-Smith, 1982). Wachtershauser (1988) considers the first step to
life to be surface ‘organisms’. Much of his discussion is relevant to our theory.
(But whether the particular reaction schemes suggested by Wachtershauser could
or did work (Keefeet al., 1996) is not, of course, important here.) Such organisms
may have been responsible for the production of the significant concentrations of
amphiphiles, which we take as our starting point. (This would provide a further
alternative solution to the problem of obtaining a high enough concentration.) We
differ in that we suggest that the cell membrane rather than an inorganic surface
plays a significant role in the subsequent evolution. Many of Wachtershauser’s
arguments for the inorganic surface over free solution can be advanced in favour of
cell surface chemistry. It is at least conceivable then that prebiotic synthesis provides
an input of sufficiently high free-energy ‘food’, provided the flow maintains the
growing system, here the protocell, away from equilibrium. We shall see that
here too the protocell surface plays a crucial role in preserving macromolecules
from degradation and poisoning, hence shifting the equilibrium points of selected
reactions.

Now, we know that compartmentalisation alone is not a useful condition for the
origin of life (e.g. Eigen and Schuster, 1974). Our hypothesis is that the spontaneous
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formation of closed compartments by surfaceshaving a constituent-dependent
domain structureis a key evolutionary step.

In the case of a lipocell (see below) we know that in general a mixture of lipids
will lead to such domain structures (e.g Mouritsen and Jørgensen, 1994). The
domain structure will also be influenced by the presence of polymers in the cell
interacting with the surface by, for example, electrostatic attraction. Conversely
the domain structure will affect the catalysed polymerisation reactions on the cell
surface and the changing polymer content of the cell will react back on the domain
structure. (Comparison of the surface domain conformations to the structural con-
formations of modern enzymes is an intuitively compelling analogy.) In addition,
the domain structure may control the fission (and fusion) characteristics of the cell.

We therefore arrive at a picture of the complex co-evolution of a polymerisa-
tion reaction network and the domain structure of the protocell surface which is
determined by the stability of domains during fission (and fusion). The stability is
brought about by the creation of (evolving) sets of polymers which mutually asso-
ciate in the presence of the cell membrane. We shall argue that evolution occurs
on a rugged fitness landscape and therefore leads to focusing of the main reaction
products on to a small subset of bio-macromolecules. For the sake of argument we
take this domain stabilisation to be derived from the mutual association of the lipid
head groups, in the lipocell surface, with peptides, but it could equally involve other
constituents of modern cells such as nucleotides polyhydrxybutyrates, polyamines
and polyphosphates.

There is one further stage to be considered. A cells-first theory of the origin of
life has been associated with a double-origin theory (Dyson, 1985). That is, the
origin of cells is considered to be independent of the origin of their multiplication
or self-replication: the RNA-world happens elsewhere and takes over the cell. This
double origin seems to us to be a somewhat unsatisfactory theory. Rather, we
should hope that replication emerges naturally from the evolutionary dynamics of
the proto-cells. It is therefore of interest to examine whether there is any route by
which this mightin principle occur in our picture, independently of whether we
believe this to be even a plausible route. This is the final stage of evolution to be
considered here.

At this stage a new fitness criterion for the evolution emerges: any lipocells
which can undergo fission to yield approximate copies of their domain structure
have in effect a selective advantage for the accumulation of prebiotic molecules.
Once this can happen therefore, the fitness criterion changes from a domain struc-
ture that affords stability to one that confers (approximate)reproducibilityon the
lipocell. This is a primitive form of coding because it preferentially produces those
macromolecules that form stable associations down the generations. (These could
be peptides and nucleotides.) Moreover, this operates in a hypercyclic structure
and hence does not suffer from the error catastrophe (Eigen, 1971, see also Joyce
1991). In principle, therefore, in this theory, the first protocells may also provide
the first step along the route to genetic evolution.



526 V. NORRIS AND D. J. RAINE

2. The Model

We shall use the term ‘protocell’ to apply indiscriminately to the first physically
ordered structures; so this includes aggregates, micelles, liposomes and vesicles. We
shall use the term ‘lipocell’ to refer to protocells in which the physical structure is
a lipid vesicle with the bilayer stabilised by attachment of monomeric or polymeric
compounds (e.g. amino acids or peptides).

We set up a simple model to illustrate first how macromolecular associations
giving rise to relatively stable membrane domains can lead to focusing. We then
consider the evolution of the lipocell metabolism and the evolution of the membrane
domain structure in the lipocell population.

The system consists of

(i) amphiphilic, generally lipidic, molecules of various types (A, B...);
(ii) substrate, of possible types (u, v, ...) which may be monomers or short chain

polymers and not all of which will be present initially. In referring to ‘chains’
we shall include 1-link chains (monomers) and short polymers. This class
includes nucleotides and amino acids.

There may also be

(iii) metal ions.

Some subsets of the amphiphiles present spontaneously form protocells. The type of
protocell (micelle or vesicle) will depend on amphiphilic concentration, abundance
of other surfactants, temperature etc. The sizes and compositions of lipocells will
determine their probabilities (or, equivalently their half-lives) for undergoing fission
and fusion.

Crucial to the form of evolution is the notion of domains. A mixture of surfac-
tants may spontaneously segregate according to the strengths of interaction amongst
the different types (Tocanneet al., 1994). Such domains are known to be important
in the membrane functions of contemporary cells where domain formation can
depend on the presence not only of different lipid types but on other membrane-
bound molecules such as steroids and proteins (Glaser, 1993). The domains of
interest to us constitute chemically distinct regions that are relatively stabilised
against disruption through fission of the protocell. Such structures are therefore
relatively conserved by the dynamics of fission and fusion. Furthermore, we shall
see that the domain structure is subject to change: thus the system is able to grow
by the redistribution of molecular resources.

Our model therefore has the following minimal set of requirements:

(iv) primitive bilayers contain a domain-forming mixture of molecular species (A’,
B’...) drawn from (i);
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(v) domains can be further created and/or stabilised by non-covalent binding to
macromolecules and their constituents (u’, v’...) drawn from (ii);

(vi) such binding can stabilise domains against disruption by external mechanical
forces (drying, mechanical agitation etc.) or, conversely, stabilise the associated
molecules against degradation, or both. Domains can also be stabilised in this
way against disruption by fission (and fusion).

Some chains polymerise. This is a crucial assumption and, as usual, raises the
problem of the source of free energy. It is possible that one source could be
the surface domain structure itself. However, the solution of this problem need
not be specific to this theory. We might invoke prebiotic condensing agents (e.g.
Oroet al., 1984) or activated intermediates (Ferriset al., 1990, 1996; Bohleret al.,
1996). Activated precursors have recently been used as part of a thioester-promoted
condensation strategy to drive the self-replication of peptides (Leeet al., 1996). The
polymerisation may be weakly catalysed by the surface amphiphiles possibly with
the help of associated chains and embedded metal ions. The catalysis of reactions
on membranes may also proceed differently than in the bulk phase (Kinnunenet
al., 1994) and may be dependent on aggregation in the membrane (e.g. Meloet al.,
1992).

To be effective in producing a significant number of long chain polymers these
must be removed from the catalytic site once formed (otherwise the only effect of
catalysis is to bring the chains more rapidly into equilibrium with their constituent
parts.) Thus, only polymers that can diffuse to an appropriate site on a protocell
surface where they can be stabilised by association with the amphiphilic head
groups, and possibly also with other chains, will be preserved from dissociation.
So our further requirements are:

(vii) at least some domain structures are able to act as weak catalysts for the
polymerisation of membrane-bound molecules. These polymers add to the set
(u, v..). The exclusion from the domain of molecules that would poison nascent
polymers also favours polymerisation.

(viii) at least some of the polymers in (vii) are able to bind to membrane domains.
Once the concentration of a particular domain-forming polymer reaches a
critical level, we assume that domain reorganisation can occur.

Fresh substrate is delivered to the protocell by fusion. This depends on the time
for diffusion of free chains through the membrane being long. For example, if
(u, v,...) are amino acids and the membrane is a lipid bilayer of thickness 5 nm
(see below) the diffusion time is 2�10�5 s (Chakrabarti and Deamer, 1992). This
may be long compared to a collision timescale even for a very dilute solution. For
phospholipids the diffusion time across a bilayer can be days (see references in
Norris, 1989). We can think of the vesicle with externally attached chain as a weakly
bound intermediate state. The intermediate state will tend to collisionally dissociate
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rather than allow the attached chain to be incorporated by diffusion. Thus, if fusion
between colliding lipocells occurs efficiently then it can be assumed to be the way
by which vesicles grow. If there is a strong barrier to fusion, so that it is a relatively
rare event, then growth will be by absorption of molecules from solution. This may
involve adherence to the outer monolayer, domain formation with alteration in the
radius of curvature and endocytosis. In this case fusion would play only the role of
forcing occasional large evolutionary steps on the population.

Protocells also undergo fission. Fission is relatively less disruptive to stabilised
domains. (This is part of what we mean by stability.) These therefore form part of
a new protocell, while material excluded from the stabilised domains is returned to
the environment where it can be incorporated into new protocells. We assume that
the formation of domain structure does not stabilise the protocell against fission,
otherwise the system would evolve to a number of large inert vesicles. Thus, the
population of protocells is dominated by a large population of small lipocells which
can therefore be thought of as the ‘food set’ for the rarer larger cells.

3. Prebiotic Conditions

It is not part of our argument here to establish even a plausible prebiotic chemistry.
The principles apply to any set of amphiphiles that can form micellar or vesicular
structures and to monomers and short chain polymers that can form non-covalent
associations with them. For the sake of argument, however, the following is a con-
ceivable mapping between the model and prebiotic chemistry. This will provide a
specific context in which we can discuss the evolution of the system.

(a) lipids: The abiotic synthesis of various lipids including one of the principle
constituents of modern bacterial membranes, phosphatidylglycerol, has been
obtained from mixtures of glycerol, phosphate, and fatty acids (with short, 12
carbon, chains) based on conditions possibly found in tidal pools (Hargreaves
et al., 1977). A wide range of alkanes, with carbon chains up to 23 have been
obtained from both the Murchison meteorite and spark discharges (Kvenvold-
en, 1970). Using an evaporating pond model, one of the principal constituents
of modern eukaryotic membranes, phosphatidylcholine, can be synthesised
from phosphatidic acid and choline in the presence of cyanamide (Rao, 1982).
Thus we assume that lipids are the amphiphiles that form the bilayer surface
of the initial protocells.
A population of lipocells is subject to fusion and fission processes. Locally
elevated calcium levels may provoke fusion between membranes containing
anionic phospholipids whilst pH changes may induce fusion between mem-
branes containing the neutral phospholipid, phosphatidyethanolamine (Lentz,
1994). Contact regions between separated phases induced by calcium have
been proposed as the intermediate structures leading to calcium-induced fusion
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of phosphatidylserine-containing bilayers (Lentz, 1994, Papahadjopouloset
al., 1977). Although modern seawater contains 10mM calcium and the first
seawater may have had concentrations three times higher (MacIntyre, 1970),
it should be noted that these can produce ‘hard water curds’ of aggregated
lipids.

(b) amino acids and peptides: we assume that all biologically important amino
acids are produced prebiotically. There is no evidence that any of the set are
later additions, although this would not affect our discussion. In addition, the
evolution we propose allows for non-biological amino acids to be produced
abiotically provided these are not incorporated into stabilised membrane struc-
tures. Long chain proteins require rather extreme conditions compared to those
we envisage, although short chain peptides, long enough to have a weak catalyt-
ic function, might be produced under high temperatures in aqueous conditions.
It is conceivable that the drying and heating of protocells led to condensation
reactions between short peptides (Fox and Harada, 1958) and we assume that
short peptides are present.

(c) nucleotides and polynucleotides: There is evidence that short nucleotidic
sequences can form from activated nucleotides (Orgel, 1992). The source of
such nucleotides may have been a mineral surface since clay has been shown
to act as a catalyst in phosphate-ester formation (Ferriset al., 1988). It should
be noted, however, that there are stability problems with prebiotic nucleotides
(Larraladeet al., 1995). However, we need something that is going to evolve
into polynucleotides so, for the sake of argument, we assume nucleotides are
present too.

There are two, not necessarily exclusive, possibilities for the site of further evo-
lution. We should consider either the low concentrations of prebiotic molecules
that can be obtained in the large volume of the primitive ocean or the higher con-
centrations that can occur in the much small volume of rock pools of the littoral
by repeated drying. In the sea the maximum concentration of inorganically pro-
duced biotic macromolecules is 10�4 m (Miller, 1987), with degradation mainly
through heating at volcanic vents giving a turnover time of 106 years. If the prod-
ucts include lipids (Ferris, 1987) this concentration is amply sufficient for micelle
formation (Sarafan, 1994). Formation of liposomes may require a higher concen-
tration and long unbranched fatty acid chains (Ferris, 1987). This might occur
in pools where macromolecules may be protected from degradation by radiation,
but the total quantities may not be significant compared with the lipid mass in
sea-born micelles. Nevertheless, it may be that we should take as the next stage of
evolution the spontaneous formation of lipid micelles in the primitive ocean. The
micellar stage would then be a precursor stage to the formation of lipid vesicles.
The evolution of micelles we imagine to occur according to the same principles of
fission/fusion and domain formation.
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We consider now how this system evolves. There are two aspects:

(i) metabolism; as discussed above, this includes both the creation of complex
molecules from those synthesised prebiotically and the focusing on to a subset
by mutual association in stable domains.

(ii) domain structure; the lipocell population will evolve in response to the accu-
mulation of domain-stabilising polymers.

In reality these are not independent but, for simplicity of exposition, we shall
initially treat them as such. In principle, the system could end up with a large
(‘unfocussed’) set of macromolecules in dynamic equilibrium, or with a small set
of inert vesicles in essentially static equilibrium (or with some cyclic or chaotic
motion in state-space). Any of these outcomes would make vesicle formation
inimical to the evolution of life. We shall argue quite the opposite: that the above
properties are sufficient to yield a focused set of macromolecules which could
reasonably be regarded as a possible precusor to cellular life.

4. Evolution of Metabolism

If there is a mixture of lipids present in a bilayer they will generally form domains.
Now, we know that electrostatic interactions can attract small peptides to certain
lipid head groups and hence attach them to the inner membrane of the lipid bilayer
(Hammes and Schullery, 1970). The presence of the bilayer can influence the con-
formation of short peptides. These may adopt an alpha-helical form in the presence
of the membrane and interact with the membrane lipids e.g. by insertion of the
hydrophobic moiety (Hammes and Schullery, 1970). The first of these processes
(the selective electrostatic interaction) represents a concentration of interacting
peptides/lipids in the lipocell surface, a process which itself is conducive to cat-
alytic polymerisation (Wachtershauser, 1988). We also know that even dipeptides
can act as weak catalysts for polymerisation (Kauffman, 1993). Note that the argu-
ments for enhanced polymerisation on inorganic surfaces translate immediately
into arguments for polymerisation on the cell membrane. In particular, the entropic
barrier depends on the dimensionality of the surface, not its composition.

In the contemporary cell, reactions are often catalysed by molecular associations
that are not covalently bound. The transverse fluidity of the membrane surface is
particularly appropriate as the site for analogous reactions in the lipocell. First, since
a Brownian path is a 2-dimensional structure, a molecule diffusing freely in the
surface will visit every site in a finite time. Second the surface hydrophobic effect
tends to crowd macromolecules, further enhancing the probability of interaction.
Thus the probability of the coming together of two parts of an enzyme with
attached substrates is increased in the surface over the bulk phase. Thus, given
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molecular association in surface domains, we expect that some polymerisation will
be catalysed on the surface.

Note also we preserve not just those peptides that can be formed on the mem-
brane, but the subset that can leave the formation site and attach elsewhere (in con-
trast to Wachtershauser). This (and fission-fusion) drives the evolutionary dynam-
ics. The attachment of polymer to the membrane preserves the polymers from
degradation, thereby driving the equilibrium point of the reaction for the produc-
tion of interactingpolymers towards polymer stability. We shall argue that this
gives a mechanism for chemical focusing.

The products of catalysis in one region will stabilise other domains that will in
turn exhibit weak catalysis. Provided we start with a sufficient number of different
domains – this is probably guaranteed by the non-gaussian size and compositional
distribution of vesicles – we obtain an autocatalytic network. Thus, following
arguments for the evolution of a metabolism similar to Kauffman (1993), we
end up with a catalytic network in which the set of domains catalyse their own
formation. For the purpose of the metabolism we ignore for the moment the fact that
the domains are in vesicles subject to fission and fusion and imagine the domains as
separate entities (in some chemical-domain space). Then the polymer content of a
domain determines its polymerising efficiency and its ability to stabilise polymers.
The domain evolution can therefore be reduced to an evolution of polymers in
polymer space. Kauffman has shown how such evolution can be discussed in terms
of dynamics on a fitness landscape. Linear polymers of length equal to or less than
N monomer units are assumed to have a catalytic efficiency determined by, on
average,K monomers in the chain. The fitness of a polymer is determined in terms
of its catalytic efficiency in the network of reactions that leads to its own formation.
The only difference between us and Kauffman is that in our picture catalytic fitness
includes the ability to form both catalytic and stabilising domains.

We expect the evolution to occur on a rugged fitness landscape. This is because
we change the fitness of a polymer as a weak catalyst or a domain stabiliser only
by making a large change in the polymer. Changing a single amino acid in one
peptide is unlikely to alter very much the domain-forming properties. LetN be
the number of monomers in the longest polymer andK the number that must be
changed to alter the fitness of a polymer to stabilise a domain or participate in
the catalytic properties of a domain. For example this might occur because the
altered monomers bring about a conformational change in the polymer or increase
its binding to the surface or to other surface bound polymers. Then our previous
statement is equivalent to 1<<K<< N. This is the condition for evolution on a
rugged landscape (Kauffman, 1993). Thus, the focusing occurs on to a range of
polymers i.e. the autocatalytic network covers an extended region of polymer space
even at late stages in the evolution. (Of course, the evolution of domain structure
will act to change the fitness landscape, so this region will itself be subject to drift
and dispersion on a longer timescale.)
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Note that our system is locally in chemical equilibrium so a large flow of
material is avoided. The presence and properties of the physical interface between
domains is the cause of global non-equilibrium, not a flow. Thus, once the physical
structure of vesicles and domains has spontaneously formed, we do not have to add
any additional postulate concerning the flow of material through the system.

In summary, the principle is this: association with the membrane captures the
new substrates that arrive when protocells fuse; this association both promotes
polymerisation and preserves these polymers from hydrolysis (and, one hopes,
poisoning by chain termination). Membrane association therefore leads to the
accumulation of reaction products. Thus fusion leads to a linear growth of the cell
and bulk reaction products, but, while the binding site lipids are in excess, the
bound substrate grows approximately quadratically with time (measured in terms
of the number of fissions). This is the dynamical basis of focusing.

Furthermore the ratio of bound lipids to surface area also increases. We assume
this leads to fission before the growth of bound substrate enters the linear regime.
This requires that the fission time should be sufficiently small, but also large enough
to exceed the fusion time (i.e. the mean waiting time between fusion events).

5. Domain Evolution

In the previous section we concentrated on the evolution in polymer space sub-
ject to fitness to form stable domains without regard to the fission-fusion process
(even though this was driving the evolution). We now focus on the evolution of
the lipocell population in terms of the domain structure of the cells. The mechan-
ical stresses created by growing domains will be relieved by fission with a better
than random probability of leaving certain domains intact. (These are the rela-
tively stabilised domains we have constructed.) We therefore have a population of
lipocells (co-)evolving on the landscape of domain stability. This has the following
correspondence with the genetic evolution of cells.

The ‘genetic content’ of a lipocell is its domain-forming polymer content.
The ‘phenotype’ is defined by the domain structure. The fitness criterion is domain
stability. Finally,N is here the number of polymers andK (1<<K<<N) the number
of polymers that on average interact with a given polymer to alter the domain-
forming characteristics in the liposome. Thus we again arrive at evolution on a
rugged landscape driven by fission and fusion. This implies that the product of
evolution will be a limited range of domain structures representing local fitness
peaks.

This is our promised conclusion: as a result of evolution the protocell population
is focused but still varied. Without a varied population that can evolve on an
evolving landscape, the system would become frozen, with the macromolecular
content trapped on fitness peaks and unable to participate in further evolution (and
more assumptions would be required for evolution to resume). It is important to
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realise that the hypothesis of domain structure and stability has played a crucial role
in this conclusion by providing an appropriate fitness criterion for the protocellular
evolution.

6. Evolution of Coding

For the purpose of illustration, we now imagine the preceding evolution to occur
under the condition that the system contains nucleotides (not necessarily pre-biotic)
in addition to peptides. We assume that peptides and nucleotides can bind in the
lipid bilayer. There is weak experimental evidence for this. For example, arginine
is know to bind to the region of RNA which codes for it (Yarus, 1993) and DNA
interacts with cationic lipids leading to aggregation of liposomes and ordering
of the DNA (Radleret al., 1997). We show that this system has in principle the
potential to evolve coding.

The polynucleotide-peptide evolution leads to a mutually associating or ‘com-
plementary’ set, as defined in the following discussion.:

Suppose the lipocell makes nucleotides n1, n2, ... and peptides p1, p2;.... Let the
subsets of nucleotides be labelled Ni, (i = 1, 2....) and the subsets of peptides Pi.
If some pk does not associate with an Nj for any j then it does not contribute to a
stable domain. Therefore discard this pk. Thus, only the pi for which there exist a
complementaryNi are selected by domain evolution. The argument can be reversed
with N and P interchanged. Thus, lipocell evolution produces a complementary set.

Under what conditions is this complementary setfN, Pg a proper subset of all
possible strings of monomers? Letpij be the probability that a nucleotide nj is
associated with a peptide pi. Thus (pij) is (for all practical purposes) a matrix with
entries 1 and 0. ThenfN, Pg is a proper subset if this matrix is reducible i.e. can
be partitioned into submatrices which are zero, except on the diagonal, by some
permutation of the rows and columns. This is clearly a percolation problem. If
all, or almost all, of the entries are 1s the matrix is irreducible. On the other hand
reducible matrices exist. Thus there is a threshold for the probability of association
below which the setfN, Pg is a proper subset.

It follows that evolutionary selection for domain stability favours lipocells that
canproducecomplementary macromolecules (since these will have increased sta-
bility once they are formed and held in domains.) This is just a description of
coding: the metabolic process (i.e. the macromolecules produced from the ‘food
set’) is determined by molecular associations within the cell.

The complementary sets offN, Pg need not be the same for all cells (and may
depend on the lipid composition, hence size etc.). Call a setfNi, Pig a class of
lipocells. If cell division can occur in a class of vesicles (rather than fission to a
single offspring vesicle) there is a finite probability that one set will yield daughter
cells of the same set. Once this occurs that set will rapidly take over the population.
Thus, coding in the model will lead to reproduction.
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Finally we comment on the error catastrophe for this coded reproduction. The
metabolism has a hypercyclic organisation: domain forming molecules catalyse
the production of further domain forming catalysts in what, as we have just seen,
is a closed system. We therefore expect the system to be secure from the error
catastrophe. We note that our evolutionary picture also provides a way in which a
hypercyclic type of functional organisation can evolve.

7. Discussion

For the purpose of characterising the various approaches to its origin we may
attribute to life three types of organisation.

(a) chemical order in which a system is maintained far from chemical equilibrium
by a flux of free energy. It is crucial for the origin of life that this serves to
focus the system on a small fraction of the organic molecules that could in
principle appear.

(b) spatial order such that the chemical organisation is maintained in spatial
domains or cells.

(c) temporal order, by which we mean, for example, the process of cyclical repli-
cation as opposed to continuous repair.

In principle each of these types of order could occur independently. A chemically
ordered but spatially homogenous system can function as a universal computing
machine and therefore could exhibit the information processing properties asso-
ciated with life. A spatially homogeneous system could be organised temporally,
passing through a periodic sequence of states which might be thought of as a form
of replication. Such a system need not evolve a mechanism of genetic coding. A
spatially ordered metabolic system could, again in principle, be eternal. Thus, in
accounting for the emergence of life we have to decide the sequence in which these
aspects of structure arose.

Spontaneous spatial order of coacervate droplets in the pre-biotic medium is
the initial step towards biological order in the early theory of Oparin (1924).
Other authors have revived this theory in the context of membraneous structures
as precursors of contemporary cells with a more active role for the membrane
(e.g. Morowitz, Heinz and Deamer, 1987). At the opposite extreme of this class
of models are the protenoid spheres of Fox (1965) where spatial and chemical
structure, which arise at an earlier stage than replication, are different aspects of
the same thing. The theory of evolution on clays in which inorganic ions carry
the program for replication may be regarded as another member of this class of
theories (Cairns-Smith, 1982).

Chemical and temporal order together are the first aspects of biological structure
to emerge in ‘RNA first’ models. This is followed only later by the evolution of
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cells, presumably because these have advantages for survival of the genetic code.
Conversely (by definition) theories which invoke a metabolic origin for life put
chemical order first. This may arise spontaneously in an autocatalytic network of
chemical reactions. The genetic code may then enter as a second starting point
(Dyson, 1985) or from the evolution of the catalytic network itself. In this picture
the common cellular basis of life is (apparently) a historical accident.

There appears to be no way at present of deciding which of these pictures is
correct. There are, however, several reasons why we favour the ‘cells first’ approach.

i) The initial phase of evolution involves redistribution and growth. Other theories
obtain this by covalent bonding, a free-energy intensive approach. Given a
standard array of prebiotic macromolecules, we use non-covalent bonding to
initiate self-assembly and focusing.

ii) The cell contributes to focusing by preserving a subset of macromolecules
from degradative and poisoning processes . We show that this is a focusing
mechanism that can operate in a system that is locally in chemical equilibrium.
The free-energy intensive operation of driving the system from equilibrium
in its early phases is thereby avoided. (The evolution of a metabolism always
requires some free-energy input that we do not address here.)

iii) The evolution necessarily focuses on a mutually associating set of macro-
molecules which will lead to effective catalysis and from which coding can,
in principle, emerge.

In the particular form of ‘cells-first’ approach we adopt the three forms of order
we have identified form spontaneously and together. Spatial structure arises from
hydrophobic interactions giving rise to lipocells; dynamic order arises from fis-
sion and fusion of these structures; chemical order arises from the preferential
stabilisation of mutually associating macromolecules within these structures.

Is our proposal subject to experimental test? We should distinguish here between
the purely illustrative chemistry and the main structural features. Nevertheless it
would be interesting to learn the extent to which mixtures of amino acids or
nucleotides can give rise to, or stabilise, domain structures in lipid vesicles. Whether
such structures have catalytic properties might also be tested. None of this is
probably amenable to theory. On the other hand the mechanical properties of
model membrane domains might be subject to both theoretical and experimental
investigation (Norris and Manners, 1993). It is difficult to prove anything by the
failure to obtain readily fissionable and fusible vesicles, but if fission and fusion play
an important role it ought to be possible to find such model systems eventually. More
immediately perhaps, the general arguments of the text concerning the evolutionary
dynamics should be spelled out by detailed numerical simulation. We hope to return
to this elsewhere.

Finally, membrane domains can be invoked to explain the regulation of initiation
of chromosome replication (Norris, 1990, 1993, 1994), chromosome segregation
(Norris, 1995), cell division, and differentiation (Norris and Madsen, 1995) in
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modern bacteria. In the model proposed here, such regulation has its origins in the
origin of life itself.

8. Conclusions

We have argued that the spontaneous formation and the fission and fusion of
lipocells under pre-biotic conditions can provide a viable model for the evolution
of life.

There are three main aspects to the model. These are the formation of domains
in the lipocell membrane, the catalytic formation of polymers on the membrane
surface and the evolutionary dynamics of the cell population driven by fusion and
fission. The system evolves on a rugged fitness landscape determined by domain
stability. The evolution of coding by domain structure provides a possible link to
the RNA/DNA world.
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